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FOREWORD

This report comprises a study of results from laboratory tests

previously conducted at the U. S. ArW Engineer Waterways Experiment

Station (WES) and from field tests from locations in various Darts of

the United States and the world, as part of the vehicle mobility re-

search program trider Department of the Army Project Nc. IT062112AOI6,

"Trafficability ar.1 Moiility Research," Task 03, "Mobility Fundamentals

and Model Studies," ,maer the sponsorship and guidance of the Research,

Development and Engineering Directorate, U. S. Army Materiel Command.

The laboratory tests were performed by personnel of the Mobility

Research Branch (MRB), Mobility and Environmental (M&E) Systems Labora-

tory, WES, during the period November 1963 to May 1969 under the general

.,upervision of Messrs. W. G. Shockley and S. J. Knight, Chief and As-

sistant Chief, respectively, of the M&E Systems Laboratory, and under

the direct supervision of Messrs. A. J. Green and J. L. Smith of the

Research Projects Group of the MRB. Field data examined herein were

obtained from published and unpublished reports of the Vehicle Studies

Branch of the M&E Systems Laboratcry. Miss M. E. Smith and Mr. Green

participated in the data analysis, and Miss Smith and Mr. J. L. McRae

assisted in the preparation of many of the plates, figures, and tables.

Mr. G. W. Turnage directed the study and prepared this report.

COL Ernest D. Peixotto, CE, was Director of the WES during the

course of this study and preparation of this report. Mr. R R. Brown

was Technical Director.
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NOTATION

A Tire contact area on a flat, rigid surfaceC

b Tire section width

c Soil cohesion

C Soil penetration resistance; cone index

C s,C Cone index obtained with a 0.5-sq-in.-base-area, right cir-cular, 30-deg-apex-angle cone at 72 in./min, and cone index
obtained at any pmrticular velocity with a cone of any par-
ticular base area, respectively

d Tire diameter

d s,dx Diameter of a standard 30-ded'-apex-angle, right circular,0.5-sq-in.-base-area cone, and diameter of any particular

cone, respectively

D Relative densityr

f Soil-tire coefficient of friction

g Acceleration due to gravity

G Soil penetration resistunce gradient

h Tire section height

I Characteristic linear dimension of tire

M Torque

P PoptP Pull, optimum pull, and towed force, respectively

r Average active radius of tire

s Soil shear strength

V,V Velocity and wheel translational velocity, respectively

Vs 'Vx Standard and particular penetration velocity, respectively

Vsh Soil shear wave velocity

W,WiWopt Load, inmobilization load, and optimum load, respectively

z Tire sinkage

y Soil density

6 Tire deflection

0 Joil friction angle
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CONVERSION FACTORS, BRITISH TO METRIC UNITS OF MEASUREMENT

British units of measurement used in this report can be converted to

metric units as follows:

Multiply B To Obtain

inches 2.54 centimeters

square inches 6.4516 square centimeters

feet 0.3048 meters

cubic inches 16.3871 cubic centimeters

pounds (force) 4.4482 newtons

pounds per square inch 6.8948 kilonewtons per square meter

pounds per square inch
per inch 0.2714 meganewtons per cubic meter

feet per second 0.3048 meters per second

xi



SUMMARY

This study examined the effects of tire deflection, tire geometry,
wheel load, and soil strength on the performance of various single pneu-
matic tires tested in the laboratory in air-dry sand and near-saturated
clay, and on the performance of a solid rubber tire and three rigid
metal wheels tested in near-saturateed clay and air-dry sand, respec-
tively. Mat.,hematical expressions were developed that combine the inde-
pendent soil and tire parameters into dimensionless forms that correlate
closely with dimensionless tire performance coefficients: pull/load
(P/W), sinkage/diameter (z/d), torque/load times active radius (M/Wra),

all at 20 percent slip or near the maximum pull point, and towed force/
load (PT/W).

" G(bd)3/ 6
One basic prediction term .- was shown to predict the

in-sand performance of pneumatic tires (of both circular and rectangular
cross sections) with useful accuracy for a broad range of values of soil
strength (penetration resistance gradient G), tire section width and
diameter (b and d , respectively), wheel load (W), and tire deflection

(6/h). A basic prediction term ad / Q,"11 1+( (where
W (h) - 1 +_ T(b/ 2d)

C = soil pefetration resistance, an indicator of soil strength) accom-
plished a similar objective for pneumatic tires in clar.

Alternative prediction terms G(bd) 3/2- for sand and

.b 1- A~ 1 for clay predicted P1W performance (at

20 percent slip) for pneumatic tires with only slightly less accuracy
than the basic prediction terms; these alternative terms predicted the
P/W performance of tires of very small deflection values (6/h less
than 0.03) more accurately than the basic prediction terms. Other alter-

Gbd2 I -8 /2 a
native prediction terms and __8 a n + L

eliminate one tire dimension (section height h) included in the predic-
tion terms above. They predict P/W performance for pneumatic tires
almost as well as the basic and alternative piediction terms mentioned
above, and they predict P/W performance for essentially nondeflected
tires bttter than any other prediction terms examined herein.

xiii



Hard-surface contact area A can be incorporated into a usefulC
dimensionless prediction term for pnelmatic tires operating in sand

[G(Ac)3/ 2 /W]. Ac appears considerably less effective in delineating

the effects of tire geometry on pneumatic tire performance in clay.

Increasing wheel translational velocity V (in the <1 to

18 ft/sec range) significantly increases the P/W performance of pneu-
matic tires both in sand and in clay. The effect appears independent of
tire size in sand and is size dependent (inversely related) in clay.

Empirically developed dimensionless terms (150VW/Vs ) 1/2 and

[0.1(V /b)i(Vs/ds)]0.092 attached as multiplicativ- factors to

G(bd)3/2 6 Cbd Qh6 1/2 1h -- / 1 + (b/2d) respectively, effectively

collapse the P/W versus prediction term relations to single central
lines. (In the terms above Vsh is soil shear wave velocity, Vs is

standard penetration velocity, and d is diameter of a standard cone.)
S G(bd)3/2 r

Slight differences between the P/W versus GW h rela

tions for two air-dry, coarse-grained soils (Yuma and mortar sand) indi-
cate that sand-tire interactions are influenced somewhat by sand prop-
erties not measured by penetration resistance gradient G . Adjusting
values of G for mortar sand to G values for Yuma sand on the basis
of relative density effectively eliminated differences between the cen-
tral relations.

Flooding the surface of a near-saturated, fine-grained soil re-
duces the P/W performance of pneumnatic tires with tread or traction
aid (attached steel or rubber cleats) considerably, and that of smooth
tires by an even larger amount. Type of tread had more influence on
P/W for the unflooded than the flooded condition, but only the tire
with traction aid significantly outperformed the smooth tire in the un-
flooded environment.

An analysis of multiple-pass tests illustrates that single-wheel
pneumatic tire performance in sand on the second and third passes is re-

G(bd)3/2 6
lated to h , although the relation is not the same as that

for the first pass. It is shown that the performance of whee].ed vehi-
cles on coarse-grained soils cart be predicted using a relation based on
the single-wheel, multiple-pass relations. Multiple-pass, single-wheel
laboratory tests in a near-saturated fine-grained soil indicate that
traffic negligibly influences pneumatic tire performance.

Field tests of wheeled vehicles produced pull performance signif-
icantly worse than that obtained in the laboratory, largely because of
the negative influence of several largely uninvestigated factors--
primarily irregular soil profiles, slipperiness (for fine-grained soils),
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operating chara.-teristics peculiar to a wheeledivehicle (as, opposed to a

single wheel), and several others discussed in the text.
3/2 , Cbd 1/2

Basic prediction terms G(bd) 6 and
1W han1

1 + (b/2d) adequately collapse lArge blocks of field pull-performance

data for wheeled vehicles in sand and clay, respectively, to central,

relations. These-relations are sufficiently well defined and broadly

based to provide the basis for a tentative wheeled vehicle performance

prediction system (e.g. immobilization load, load required to produce

maximum pull, maximiim slope climbable, etc., 'an be predicted) and a

method of designing tires to satipfy particular off-road situations.

Parts III and IV of the report develop and describe these relations, and

Appendix B illustrates several applications.

Appendix A describes the techniques used in Ithis .rebort to compute

sand strength, wheel load, and pneumatic tire sinkage. These and every

other parameter discussed herein were ep-h measured by a consistent

method to allow data from a variety of 'sources to be described on a

common basis.
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PERFORMANCE OF SOILS UNDER TIRE LOADS

APPLICATION OF TEST RESULTS TO TIRE

SELECTION FOR OFF-ROAD VEHICLES

PART I: INTRODUCTION

Background

1. Until the early 1960's, research in the United States in vehi-

cle mobility was confined largely to experimental testing of full-sized

vehicles on natural terrain surfaces to develop approximate relations

between vehicle performance and terrain conditions for use by military

,commanders in the field. In 1960, following a study of the status of

mobility research in the United States by an ad hoc committee appointed

by the Chief of Research and Development, U. S. Army, authority was

granted the U. S. Army Engineer Waterways Experiment Station (WES) to

equip a modern laboratory and initiate a long-term program in vehicle

mobility research. Since then, many systematic tests have been per-

formed with single pneumatic tires in controlled-soil conditions, and

certain peripheral studies have been conducted that we.e designed to fur-

ther a basic understanding of tire-soil interactions. Additionally, a

limited number of vehicle tests have been conducted in the laboratory,

and results of a large nuniber of field vehicle tests have been analyzed

on the basis of relations developed from the laboratory test data.

Purpose and Scope

2. The basic purpose of the study reported herein is to provide

a rational means for selecting tires for off-road vehicle use. Two

types of soils were considered: those that derive essentially all their

strength fijm cohesion and those that gain nearly all their strength

from friction. (These soil types generally cause more severe mobility

problems for wheeled vehicles than do soils whose strength results from

a combination of cohesion and friction.) For each of the two types of

soil, one basic dimensionless term has been developed that can be used



to quantitatively describe the effects on wheeled vehicle tractive per-

formance of wheel load, soil strength, tire size, tire shape, and tire

deflection (in lieu of inflation pressure) for a very broad range of

soil-tire conditions commonly encountered in the field. Additionally,

for each soil type, at least two dimensionless terms are presented that

have some advantage over the basic terms in predicting the performan2ce

of tires and wheels of particular, unusual configurations (e.g. very

small tire deflections, tires or wheels with no measurable section

heights, etc.).

3. The prediction terms were developed primarily from a distilla-

tion of data obtained in single-wheel tests under the program "Perfor-

mance of Soils Under Tire Loads," sponsored by the U. S. Army Materiel

Command. However, to the extent possible, the results of tests in nat-

ural soils with actual vehicles have also been analyzed, and the predic-

tion techniques for laboratory data have been altered as necessary to

satisfy the field-prototype vehicle situation.

4. Tire performance was measured in terms of four dependent param-

eters: (a) pull, (b) sinkage, and (c) torque--all at near the maximum-

pull point; anc (d) the force required to tow the unpowered wheel.

Definitions

5. Certain tecnrs th-t facilitate analysis of data and communica-
1

tion of test results ure rigorously defined in Report 1 of this series.

Only thoge additional ter.is that are considered essential to this report

are defined below.

a. Active radius (r),* in.**:' The undeflected tire radius

r minus half the deflection 6 of the tire loaded on a

* Since reference 1 was published, it has been determined that rela-

tions between dimensionless prediction terms (composed of functions
of the independent tire, soil, and system parameters) and the torquP
coefficient are improved if active radius ra is used in place of

M M
diameter in the torque coefficient, i.e. Wra is preferred to W

** A tab~e of factors for converting British units of Measurement to

metric units is given on page xi.
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hard, rigid surface, i.e. half the diameter minus deflec-

tion (4 ). Empirically obtained, ra is A significant

measurement since tire rolling circumference measured on a

hard surface is very closely approximated by ti.' quantity
d-621, 2i. 2

b. Penetration resistance gradient (G), psi/in.: For coaise-

grained soils (sands), the slope of the curve of penetra-

tion resistance (for a 0.5-sq-in.-ba.e-area, 30-deg-apex

angle, right circular cone at 72-in./min penetration

speed) versus depth, averaged over that depth within which

changes in soil strength significantly affect tire perfor-

mance (usually taken as 6 in.).

c. Towing force (maximum drawbar pull), lb: The maximum

sustained towing force a self-propelled vehicle can pro-

duce at its draxbar under given test conditions. (Note:

Towing force-load ratio approximates maximum slope

negotiable.)

d. Nominal dimensions from tire size designation:.

(1) Conventional, circuiar-cross-ser'ri±on pneumatic tires:

(a) Section width (b). in. Maximum outside width of

the cross section of the inflated, but unloaded,

tire. Nominally specified by the first number in

the tire size designation, e.g. 9.0O in the

9.00-14 tire.

(b) Nominal rim diameter, in. Diameter measured from

shoulder to shoulder of the rim. Given as the

second number in the tire size designation, e.g.

14 in the 9.00-14 tire.

(c) Diameter (d), in. Outside diameter of the in-

flated, but unloaded, tire. For circu•ar-cross-

section tires, nominal rim diameter plus twice the

section width usually overestimates diameter d

of a buffed-smooth tire somewhat (usually by some

5 to 20 percent).

S~3



(2) Rectangular-cross-section pneumatic tires:

(a) Diameter (d), in. An approximation of tire diam-

et.!- d (defined above) that speciried by the

first number in the size designation, e.g. 16 in

the 16x15.00- 6 tire.

(b) Section width (b), in. An approximation of tire

section width b (defined above) that is given by

the second number in the tire s'ze designation,

e.g. 15.00 in the 16x15.0O-6 tire.

(c) Nominal rim diameter, in. An approximation of rim

diameter (defined above) that is listed as the

third number in the tire size designation, e.g. 6

in the 16x15.00-6 tire.

e. Immobilization point: That point at which wheel load be-

comes too large and/or soil strength too weak to rllod a

tire of given size and deflection to develop positive pull.

%4



PART II: PREDICTING IN-SOIL, SINGLE-WHEEL PERFORMANCE

6. To measure the effectiveness of the wheel as a traction and/or

transport element and to determine quantitatively the effects on tire

performance of the parameters that describe the soil-tire system, the

wheel was isolated and tested as a separate entity. Several dynamometer

carriages were constructed to accommodate a large variety of tire sizes

and wheel loads, and laboratory tests were conducted in which a broad

range of values of soil strength, tire size, tire shape, wheel load, and

speed were systematically varied.

Parameters Considered

2

7. A dimensional analysis of the performance of single, pneu-

matic tires in soft soils determined that the four dependent tire per-

formance parameters of primary interest (paragraph 4) are related to

independent tire, soil, and system parameters in dimensionless form as

follows: *

a. For the pull coefficient:

W: 6' db h' ý2, 3 V 2 W W£'b•

b. For the sinkage coefficient:

z , b h 2 3 2 W
d h d d' ' ' IU W 'gR 'bXV1

c. For the torque coefficient:

S..M =fill 6 b h cZ2 1Z V2 W

Wr 0h'd 'f ' W ' W 'g-. 'b--Va

d. For the towed force coefficient.:

• For definition of terms see Notation, page ix.
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P 116 b b 03 t'V
- \h'd'd ' • "W " W g1'b-iV

8. The 10 dimensionless pi terms in parentheses in each of the

relations above are considered sufficient to describe practically any

tire-soil-system arrangement if these independent pi terms are properly

combined. Test controls and simplifying assumptions can be used to re-

duce to a much smaller value the number of independent pi terms that

must be considered for a particular situation. In published reports to

date, the four dependent pi terms have been related to the independent

pi terms in two environments, in each of which only three independent pi

terms had to be considered:

a. For saturated, highly plastic, essentially purely cohesive

clay:

(i) lý= f ; , 1,

(2) =9 b , j

(2)

(3) M-T = filz

Wr W d 'hi

a

(4) -- f,,,, 2 b

b. For air-dry, essentially purely frictional sand:
P f,(Gi 3 b •

(2) fi Gx b-

(3) Ar G- b j

( ) PT f,, (G_.. b •

_Laboratory Single-Wheel Test Program

Laboratory test soils

and their characteristics

9. The rrincipal soils used in this laboratory program were a

6



fine, air-dry, essentially frictional desert sand (Yuma sand) asd a sat-

urated, highly plastic, essentially purely cohesive fat clay. A second

coarser-grained, air-dry, frictional riverbed sand (mortar sand) was

used for a limited number of tests. Grain-size distribution curves for

these three soils are presented in fig. 1.

u.s. SIAMMID uS 010 1 1P U.S. 0i41 MOM .irSn am
16 a 3 2 1% 1 % % 3 a 111111 "Al~mm .l" re •m311MIM 11 I' IS I I I NJ r l 2

I~~~~~~~~ I I )i'! I!li1 II!N I'N.,IIII•, 11I~!! ,S !III1 I - , I

so "H: i I - I II i I I • i "

S,,• , l .H_ - !, , t I ! I 1 1l l 1 i 1 .I , l i1 !

U A 40

"~4

,00 , .0 5 C 11 1001,0l 01 0l I 0 0.001

COL_ 1,: i; ; . I Pa I a I ! Rei II 0 I (AR T

INORTAR SAND
I YUAN SAND
S CL.AY

Fig. 1. Grain-size distributions of the laboratory test soils

10. Strength of each of the three test soils was characterized in

the relations reported herein from data obtained in standard 72-in./min

penetration tests with the WES 0.5-sq-in, circular-base-area, 30-deg-

apex-angle cone. Test beds of botl' Yuma and mortar sands were con-

structed su':h that values of cone index (i.e. penetration resistance in

pounds divided by cone base area) increased linearly with depth, as il-

lustrated by fig. 2a for Yuma sand. Penetiz~tion resistance gradient G

(i.e. tiie slope of the linear portion of the penetration resistance ver-

sus depth curve) characterized che strength of sand. '~ Test beds of

clay were constructed such that values of cone index reraJ.ined essen-

tially constant as depth of penetration increased (fig. 2b). Average

7
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Fig. 2. Sample recordings of cone penetration tests
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cone index C in the ton 0- to 6-in, layer was used to describe clay

soil strength.

11. Several experimenters have shown that 'fr cohesionless, dry4,5
sand friction angle 0 is proportional to density • Thus,

was eliminated as a separate parameter in paragraph 8. Also, it has

been determined that penetration resistance gradient G is directly

related to and is a sensitive indicator of density y of a frictional

soil. Parameter G , then, was indicated sufficient to describe fric-

tional soil characteristics attributable to both 0 and y , and G

has been used to describe the effects of 0 and y in earlier re-

ports. 2,3 For purely cohesive soils, cone index C is considered to

represent soil cohesion c . Detailed laboratory tests6 have demon-
strated that for saturated, weak, essentially frictionless soils (values

of C up to about 80) a well-defined linear relation exists between

cone index and cohesion.

12. Fo:a the lab~ratory frictional sand soils, the value of pene-

tration resistance gradient G changed under the influence of tire

traffic. In every case, however, the before-traffic measure of G was

used to describe the strength of a sand test section. For the labora-

tory clay soil, it was determined that the cone index value is virtually

unaffected either by changes in wheel slip or by tire traffic (for at

least five passes, as were routinely made in the laboratory tests). For

the laboratory tests, cone index measurements were usually taken at

three locations for each of passes 0 (i.e. before traffic), 1, 2, and 5.

The cone index value reported herein is the average of values measured

for all of these locations and passes (usually a total of 12 measure-

ments). This value is considered to be a reasonable characterization of

soil strength within the overall length of the test lane and may be re-

lated to either a 3ingle pass or multiple passes of a wheel.

Test techniques

13. Most WES laboratory tests of pneumatic tires in sand and in

clay h.r,,, been conducted as programmed-increasing-slip tests. This tech-

nique produces a wealth of information per test. Furthermore, the re-

sults obtained at any particular value of slip in a programmed-slip test

9



in either sand or clay are essential',- Lhe same as those that would be

developed in a corresponding constant-slip test, if the value of wheel

pull is corrected to account for the effect of the inertial force

(F = ma) caused by the constant deceleration of the dynamometer carriage

during the test run. A detailed description of the programmed-

increasing-slip test technique and the correction that is now made for

this inertial effect is given in Appendix A. Unfortunately, the need

for an ma correction was not recognized early in the test program, and

L number of tests were conducted in which no instrumentation was present

to measure ma . Examination of ma values from later tests (fig. A6

of Appendix A) shows that in fat clay, ma values are quite small (none

greater than 8 lb for even the largest tire tested) and are relatively

independent of both tire size and wheel load. In sand, only one ma

value greater than 7 percent of wheel load was obtained; and in clay,

no ma value greater than 4 percen-c of wheel load was obtained. Pat-

terns of ma versus load are not sufficiently well defined, however, to

establish a reliable a posteriori ma correction for those early ts.:,sts

in which ma was not measured. Throughout this report, wheel pull ob-

tained in a constant-slip or constant-pull test (no ma correction is

needed) or in a programmed-increasing-slip test with the proper ma

correction is denoted as P (and P T for a towed test); wheel pull that

includes ma as part of its value is designated P' (and PTý for the

towed point). The values of P' and 101 are algebraically equal to or

greater than P and P T , respectively.

14. The programmed-increasing-slip technique produces pull-slip

and torque-slip curves that have characteristically different shapes for

sand and clay (figs. 3a and 3b). In particular, the influence of the

shapes of the pull-slip curves on the selection of where thp near-

maximum pull condition should be sampled is quite inportant. For cohe-

sionless sand, the value of pull usually peaks at about 20 percent slip,

then decreases graduallý as values of slip increase over a broad range,

and finally increases again at very large values of slip. For fr'iction-

less clay, the value of pull increases rapidly to a value of slip

slightly less than 20 percent, and then incieases -,°ery slowly as values

10
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of slip continue to increase. For single-wheel laboratory tests in both

sand and clay, the near-maximnm-pull condition is characterized in this

report by data ieasured at 20 percent slip.

Test tires and test results

15. Characteristics of the pneumatic tires used in this report to

study single-wheel laboratory performance in sand and in clay are pre-

sented in table 1. A few laboratory tests were made with rigid wheels

in sand and with a solid rubber tire in clay; descriptions of these

wheels also are given in table 1.

16. Results of the single-wheel laboratory tests in sand that are

examined herein are summarized in tables 2-5, 9, and 10; those of single-

wheel tests in clay are found in tables 6-8. Data from wheeled vehicle

tests conductea in the laboratory (in sand) are presented in table 11;

data from vehicle tests made in the field are listed in tables 12 and

13 for sand and l4 and 15 for clay. Except for the results listed in

tables 4 and 8, all of the data examined herein were extracted from ear-

lier WES reports of these tests. The same degree of precision was not

used in all of the scurce reports in measuring all of the parameters ex-

amined herein. This report attempts to present values of each parameter

(from laboratory tests) measured in a uniform way that is similar to

that possible in the field. In particular, tire deflection measurements

reported herein are those measured on an unyielding, flat surface prior

to testing; reported soil strength measurements describe the before-

traffic condition (and the during-traffic condition for clay - see para-

graph 12); and wheel load values are those measured in the soil at the

same instant that the dependent parameters were measured. (Wheel load

was applied pneumatically for most of the laboratory tests, and its

value varied slightly during each test run.) A qingle technique was

used to obtain penetration resistance gradient G for coarse-grained

soils, as opposed to several types of measurements used in the source

reports. Appendix A describes the several approximations of G , and

the means used to transform them to the true gradient (or slope) of the

cone index versus penetration depth curve. Appendix A also describes

32



the consistent method by which values of tire sinkage were obtained for
this report.

Tires and Wheels in Sand

Basic prediction term

17. The dimensional analysis in references 2 and 3 combined three

independent pi terms--G3 1W , b/d , and 6/h--on the basis of theIr re-

lation to four dependent pi terms--P'/W , z/d , M/Wra , and PI/W-to
3/2

develop a single dimensionless prediction term, G(bd) , referred

to in those reports as the sand mobility number and hereafter in this

report as the basic prediction term for sand. The basic prediction term

was developed using data from single-wheel laboratory tests conducted in

one soil (air-dry Yuma sand) at a single + anslational velocity (approx-

imately 5 ft/sec) with four tires of one genLe'al shape (conventional,

circular-cross-section tires with d/b ratios in the 3 to 8 rf' ge).

These four basic test tires were the 4.00-7, 2-PR; 4.00-20, 2-PR;

6.00-16, 2-PR; and 9.00-14, 2-PR (fig. ha). Test data for two lida-

tion test tires, a 1.75-26 bicycle tire and an 11.00-20, 12-PR tire

(fig. hb), confirmed that relations developed for the basic test tires

could also be used for conventional tires with very large values of d/b

and large values of d and b , respectively. A later study examined

the ability of the basic prediction term to predict the performvnce of

five tires whose cross-sectional shape was roughly rectangular (as op-

posed to the circular cross sections of the conventional tires) and

whose d/b values ranged from 1 to 2.5.7 The effectiveness of the

basic prediction term in predicting P'/W , z/d , M/Wr , and P' for

the basic test tires, the validation test tires, and the tires in refer-

ence 7 is illustrated in plate 1.

18. In addition to b and d , each of the other parameters in-

cluded in the basic prediction term was tested over a br oad range of

conditions. Values of G ranged from 2.3 to 27.7 psi/in., virtually

the entire range of inte,'est in wheeled vehicle mobility problems. Most

13
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of the data were obtained from tests in which penetration resistance in-

creased linearly to the 11- to 12-in. depth; for the U1.00-20, 12-PR

tire tests, penetration resistance increased linearly to only tie 8-in.

depth. Also, test data not included herein, but reported in reference 3,

demonstrated that the basic prediction term predicted pneumatic tire per-

formance quite well for tests in which penetration resistance increased

linearly to even lesser depths (6 in. for the 9.00-14, 2-PR tire and

7 in. 'for the 16x15.00-6, 2-PR tire). Values of load in plate 1 ranged

from 100 to 1350 lb and values of 6/h from 0.15 to 0.35.

19. For three ýf the fcur relations presented in plate 1, all of

the data points intermingle within a narrow scatter band, strongly in-

dicating that the, basic prediction term can be used to predict in-sand

pneumatic tire performance .or a very broad range of tire, soil, and

load conditions. The basic prediction term versus torque coefficient

reletion appears to separate a& a function of tire shape, with the

cirL.uar-cross-section tires (open symbols) requiring a slightly smaller

value of torque coefficient than the rectangular-cross-section tires

(closed symbols) at corresponding values of the basic prediction term.

For most applications, this deficiency is considered minnor, since the

separation by tire shape is slight, and torque coefficient is less sen-

sitive to changes in the basic prediction term than any of the other

th.-ee performance coefficients. (Depending on the accuracy required,

the user could characterize the relation bN a single central line

(i.e. a line of best fit) or by the two lines in plate 1c.) As shown

in piate 2, the relations between the basic predicLion term and P/W

and PT/W (pull and towed force coefficients whose values have been

corrected to take into account the influence of inertial effects; see

Appendix A) are described by data that lie within narrow scatter bands,

i.e. ,the basic prediction term is closely related to P/W and PT/W

Taken together, the relatiurq in plates 1 and 2 demonstrate that the

basic prediction term is sufficientX:y closely related to the four per-

formance coefficients to allow useful predictions of tire performunce.

Alternative prediction terms 3G(bd)32 6:

20. The basic prediction term W / is considered to

15



provide more accurate predictions of in-sand pneumatic tire performance

for tire-soil conditions routinely encountered in the field than are

provided by any other available term. Alternative terms have been de-

veloped, however, that are more useful for particular, special situa-

tions. The effectiveness of these terms is examined herein only on the

basis of their ability to predict near-maximum pull coefficient; conclu-

sions made on this basis also generally apply to the effectiveness of

the alternative terms in predicting the other three performance

coefficients--sinkage, torque, and towed force.

G(bd) 3/2  I -
21. W - . This term was developed in the same

6
way as the basic prediction term, except that 1- was used in place

of 6/h . This was done primarily to obtain a term that could predict

the in-sand performance of tires or wheels with deflection values near

or equal to zero. The need for an alternative prediction term for this

situation is demonstrated in plate la; for 6/h s 0 the value of

the basic prediction term is approximately zero, and the relation in

plate la predicts a negative value of P'/W . Analysis in paragraph 22

shows this prediction to be in error, since relatively large positive

values of P'/W were obtained in several tests of rigid metal wheels

(pýo0).
22. Data from tests of rigid wheels were used in the development

G(bd) 3 /2  -
of W ( - because no single-wheel tests have been con-

ducted in sand at the WES with pneumatic "ires at values of 6/h less

than 0.15. Because the rigid wheels experienced essentially zero deflec-

tion under the test loads used, it wab possible to assign to each of
6

them a value of 1 - - 1.0 . If the performance of tires (or wheels)h
with zero deflection and with 6/h = 0.15 can be predicted by a given

prediction term, it is reasonable to expect that this term can also be

used to predict the performance of tires with, values of 6/h in the

0 to 0.15 range. Plate 3a shows data from the same tests represented in

plate 1, together with test data for the three rigid wheels, to illus-

trate the effectiveness of this modified prediction term in predicting
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near-maximur pull. The pneumatic tire test data were obtained at 20 per-

cent slip, aid t-hose for the rigid wheels at 25 percent slip; the influ-

ence of this slight deviation on the relation is considered negligible.

The penetration resistance gradient G for each pneumatic tire test is

characterized by the average of several pretest measurements for that

particular test; only one value of G was reported to describe the

strength of the several sand sections in which the rigid wheels were

tested. This undoubtedly contributed to the scatter of the rigid-wheel

data, but did not obscure the trends in plate 3a. This alternative pre-

diction term collapses all the pneumatic tire data to a single relation

almost as well as the basic prediction term did in plate 1. However,

using the modified term to collapse the rigid-wheel data to the same re-

lation as the pneumatic tire data was only partially successful. Data

for the 6- by 28-in. and 12- by 28-in. wheels fall generally within the

scatter band of the pneumatic tire data, but appear to develop values of

P'/W slightly on the low side for large values of the alternative pre-

diction term. The alternative term predicts values of P'/W for the

3- by 28-in. wheel significantly larger than those of the remaining

tires and wheels. Plate 3b shows the same relation as plate 3a, using

only wheel pull data either unaffected by or corrected for inertial ef-
fec z. Th s, G(bd)3/2 • 6--4

fectz. Thus, W (1 - can be considered a useful term for

predicting the in-sand, near-maximum pull performance of pneumatic tires

with a very broad range of values of b , d , and 1 - (6/h) ; however,

care must be exercised in us;ing this term to predict the performance of

tires and wheels having very small values of both 6/h and bid . Gen-

erally speaking, this combinatioi, of characteristics should be avoided

in the design of a tire or wheel for mobility purposes, so this restric-

tion in the use of this alternative prediction term is not severe.

23. Gb* (1 - . This term was developed in % performance

evaluation of wheels for lunar vehicles,9 wherein a prediction term was

sought that would relate data for pneumatic wheels, rigid wheels, and

metal-elastic wheels equally well. A desirable feature of this

17



prediction term was the elimination of the term h (paragraph 21),

thereby (a) permitting the tire or wheel to be described by one less
term, and (b) allowing the prediction of performance for tires or wheels
that do not have section heights. Five basic wheels (fig. 5) were

tested under very light loads (15 to 150 lb) in air-dry and in moist

Yuma sand. Several prediction terms were tried and tested (by plotting

them versus performance coefficients from all the lunar study tests),

the vi3ual lines of best fit were drawn, and the scatter of the data was

observed. Ib- • 1 -2-- was selected as the most effective predic-

tion term for the conditions of the study. Practically all of the tests

in the lunar study were described by values of this prediction term

larger than 1000 (and up to 23,000), primarily because of the very

light wheel loads. Norma) earthbound loading of wheels produces much

smaller values of this prediction term, as demonstrated in plate 4 a,

where the data for pneumatic tires intermingle and lie within a scatter

band only slightly larger than that in plate la. Taken together, the

rigid-wheel data lie somewhat higher than the pneumatic tire data at

values oj' the prediction term less than about 150 and slightly lower

than the pneumatic tire data at higher values of the prediction term.

however, data for the 3- by 28 -in. wheel lie much morc nearly within the

scatter band in plate 4a than they do in plate 3a; and, taken as a whole,

the P'/W values of the rigid wheels appear to more nearly fit the cen-
Gb2 ( 68

tral relation for pneumatic tires when predicted by Gbd- 1 - 2-)

So3/2 . o-4
G(bd)3/ ~

than when predicted by (1 - h)W. Plate 4b demonstrates

that the former prediction term is closely related to P/W ; comparison

of plates 4a and 4b shows that slightly smaller algebraic values of P/W

than of P'/W are obtained for corresponding values of this prediction

term. Gb 2  /8 2
24. In summary, Gbdd 1 26 predicts in-sand pneumatic

tire performance for a wide range of tire shapes, sizes, and deflections

with reasonable accuracy and predicts rigid-wheel perfo-'mance with

18
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better accuracy than any other term examined. Also, a tire or whee-

described within this prediction term need not have a section height.

Data from tests of ti.res with small values of 6/h (i.e. in the 0.01 to

0.10 range) are needed to determine this term's effectiveness for the

small-deflection condition.

25. A3/ 2 . Because the sponsor of the lunar studies ex-

pressed an interest in evaluating ',he effects of tire or wheel contact

pressure on performance, a functional relation was developed that incor-P IG 3/2)\shr-uraecn
porated the parameter - = f . A , where A is hard-surface con-

91 CW \W c Ac
tact area. Since the hard-surface print of a rigid wheel is a line and

does not exhibit a mEasurable contact area, data for only the pneumatic

tires are used in plate 5. The P/Wrelation appears
W cbetter defined by the test data than corresponding relations of either

of the two alternative prediction terms considered earlier (compare
G . A3/2

plate 5 with plates 3b and 4b). Thus, the effectiveness of ; c

in predicting pull/load is conbidered at least on a par with the two

other alternative prediction terms for sand.
G . 3/2

26. Prediction term - A possesses several disadvantages:

a. Its form does not permit evaluation of the effects caused

by changes in tire deflection, tire width, or tire

diameter.

b. Rigid-wheel performance cannot be described by this term,

and data are not available to determine its effectiveness

in the 6/h = 0.01 to 0.14 range.

c. Measurement A varies as a function of a number of

parameters--b , d , W , 6/h (in lieu of inflation pres-

sure), carcass stiffness, etc.--and extensive listings of

A for various tire loading conditions aý.e not routinelyc

supplied by tire manufacturers.

On the other hand, this prediction term can be profitably used if the

user has available to him an accurate measurement of A (this can bQ
c

obtained easily by coating the tire with a marking liquid and measuring

20



the print area produced on a flat, unyieliiag surface by the loaded, in-

flated tire). 3/2

27. Summatiop. Each alternative prediction term-- b

(1 • . - d and A -- predicts pneumatic

tire performance in coarse-grained soils with useful accuracy; and the

second term, in particular, predicts rigid-wheel performance quite well.

G(bd)3/2 6
The basic prediction term •- predicts the performance of

pneumatic tires with circular and rectangular cross sections and 6/h

values in the range normally used (and recommended) with better accuracy

than any other prediction term examined; thus, this term is used in all

remaining considerations of in-sand tire performance in this report.

Effects of velocity

28. The tests used to develop the foregoing relations were all

conducted at speeds of 5 to 6 ft/sec. To determine whether wheel trans-

lational velocity V affects pneumati2" tire performance in a~r-dry
w

sand, constant 20 percent slip tests were conducted with iwo tires whose

major dimensions scaled almost exactly 2:1--the 9.00-14, 2-PR and 4.00-7,

2-PR tires. Tests were made at one deflection condition (6/h = 0.25)

over a very broad range of wheel loads (44 to 1432 lb) and at design

values of V from 0.8 to 18 ft/sec. A few programmed-increasing-slip

tests also were conducted with the 9.00-14, 2-P:R tire at V = 5 ft/sec.w
The basic prediction term was used to consolidate the data. The value

of pull coefficient P/W increased progressively as V increased, and
w

the same central line could be used to describe the relation of P/W to

the basic prediction term for both tires at three widely different val-

ues of V , i.e. 1.25, 5, and 13 ft/sec (plate 6). That P/W data forw

tires of considerably different linear measurements collapse to one cen-

tral relation for three markedly different values of V suggests thatw

the effects of velocity on tire performance do not scale according to

tire size.

29. One meatis whereby the basic prediction term might be adjusted

to account for the effects of wheel velocity while retaining the term's

21



dimensionless character is to relate wheel translational velocity V
Vto some characteristic velocity associated with the test material (i.e.

air-dry Yuma sand). A literature search revealed that shear wave veloc-

ity Vsh of an air-dry sand is logarithmically related to the vertical

stress beneath the periphery of a rigid footing (termed confining pres-

sure) when the footing is loaded transiently. 1 0 For the investigated

cases in reference 10, confining pressure was calculated at a specified

aepth beneath the surface of the rigid footing throug'i use of a Newmark

chart. The conditions of the transient-load tests of a footing are ap-

proximated by loading the soil with a moving wheel; taus, estimates of

shear wave velocities generated by wheels can be obtained by procedures

similar to those in reference 10. Confining pressures were computed

for the 4.00-7 and 9.00-14 tires for all test loads at a depth equal to

their respective tire widths, by using known properties of the Yuma sand

(dry density and void ratio were the principal soil properties), a rec-

tangular approximation of tire contact area, and the procedures in ref-

erence 10. Corresponding values of shear wave velocity Vsh were

computed, and the relation in fig. 6 was produced. This procedure was

rather long and tedious; a very close approximation of confining

IC

7 ___"__ __ rSH-37J? (CONFINING PRESSURE)
0 

28 -

I-

L'

t - *THE VALUE OF THIS TERM IS CLOSELY
APPROXIMATED BY DIVIDING HARD-SURFACE
TIRE COIN TACT PRESSURE BY 3 4I 2 ] I I III

3 4 5 6 7 8B 9 O 20 30 40 50 60 70 80 100
'*CONFINING PRESSURE BENEATH TIRE AT DEPTH=b, PSI

Fig. 6. Approximate relation of shear wave velocity to confining
pressure for Yuma sand
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pressure at a depth equal to the tire width was also obtained simply by

dividing hard-surface contact pressure by 3.4 (note similarity of values

of confining pressure by the two methods in table 4). A study of the

relation between shear wave velocity Vsh and wheel translation veloc-

ity V relative to their influence on the pull coefficients of the
w

G(bd)3/2 6
tires produced the dimensionless prediction term

( 150V 
1/2

* Vsh4 . The ability of this term to delineate the effects of

wheel velocity is illustrated in plate 7, where the same central line

shown in plate 2a describes the relation.

30. In summary, an estimate of shear wave velocity Vsh for air-

dry Yuma sand was computed by the relation in fig. 6, where confining

pressure at a depth equal to the tire width was estimated as hard-

surface contact pressure/3.4 ; and the prediction term G(bd)3/2 _ 6

( 1/2 W h

-Vw-) was shown to account quite effectively for the influence of

wheel translational velocity V. on tire performance. This procedure

lacks thorough grounding with respect to a detailed consideration of the

types of forces that are introduced by changes in wheel velocity and

that influence the tire performance results obtained. The prediction

term in plate 7 shows promise of wide applicability; however, caution is

advised in its use until a more rigorous evaluation of the effects of

wheel velocity is made.

Effects of soil type

31. Fewer single-wheel tests have been conducted in air-dry mor-

tar sand than in Yuma sand. Data taken from table 5 and presented in

plate 8a are sufficient, houever, to demonstrate that consistently

smaller values of pull coefficient are developed by tires at 20 percent
slip in mortar sand than in Yuma sand for corresponding values of the

basic prediction term. Thus, parameter G apparently is not sufficient

to account for the effect of borh friction angle 0 and density y

(paragraph 11),.
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32. The relation between penetrat-on resistance gradient G and

relative density Dr for three air-dry, coarse-grained, essentially co-

hesionless soils (including the Yuma and mortar sands) has been studied

at the WES. For a given value of D mortar and Yuma sands exhibitr 2

different values of G , as shown in fig. 7, developed from reference 11.

Mortar sand G values were converted to corresponding Yuma sand G

values by means of their relative density values, and then the new G

values were used to plot the mortar sand test results (plate 8b). The

central line of this plot is the same as that in plate 2a, indicating

that the Yuma sand and mortar sand test results can be described by the

same relation if relative density is used as a base. Use of the above-

described technique to account for differences in soil type for air-dry,

coarse-grained soils appears promising; however, caution is advised in

applying it until further validation can be made.

Tires and Wheels in Clay

33. Single-wheel, multipass tests in laboratory near-saturated

clay produced values of soil strength that remained essentially constant

under tire traffic (paragraph 12). Accordingly, pull, torque, and towed

force also remained near constant from pass to pass; wnereas, sinkage in-

creased after the first pass by an ever-decreasing amount, with second-

pass sinkage usually only slightly larger than that on the first pass.

Values of pull, torque, and towed force reported for each single-wheel

test in clay are values averaged from all passes; sirkage values re-

ported are those obtained on the first pass.
Basic prediction term

34. In a manner similar to that used for pneumatic tires in sand,

dimensional analysis2 combined three independent pi terms--C92 /W

b/d , and 6/h--on the basis of their relation to four dependent pi

terms--P'/W , z/d , M/Wr , and P'/W--to develop a single dimension-
aTCbd ý61/2

less term, Obd (6)/ , referred to in reference 2 as the clay mobil-

I ity number. The relations between this term and P'/W , z/d , M/Wr
a
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and P'/W , respectively, are illustrated in plate 9. The data are from

the same single-wheel laboratory tests that were examined in reference 2

for five of the six circular-cross-section tires; the two tests with the

1.75-26 bicycle tire were conducted after reference 2 was written. The

clay mobility number is closely related to the four dimensionless perfor-

uance terms. Note that scatter of the data increases for the relations

">f the clay mobility numoer to the pull, torque, and towed force coeffi-

cients as the values of the mobility number increase (and as value of

wheel load decreases for a given combination of tire size and soil

strength). The influence of the inertial force included as part of the

P' and P' measurements on the overall values of P'I/W and P'/W
T T

generally is most pronounced for light loads for tests conducted in clay

(see Appendix A). Design load W is specified beside some of the out-

lying points in plate 9, demonstrating that a large part of the data

scatter cou3c be associated with very small wheel loads (the smallest

tested for most of the tire size-deflection combinations included among

those singled out in plate 9).

35. Results of single-wheel laboratory tests in saturated, fat

clay were obtained for 12 tires, the same 11 pneumatic tires used herein

in the study of tires and wheels in sand, plus a 6.00-16 solid rubber

tire. The relations in plate 9 are repeated in plate 10 for data for

six of the seven tires not included in plate 9. (Data from only towed

tests of the 11.00-20, 12-PR tire are available; the relation of PT/W

to the basic prediction term for clay is shown in a subsequent plate.)

The same central line used in plate 9 to characterize the relation of

the clay mobility number to tne torque coefficient can also be used in

J plate 10. (Torque coefficient generally is less sensitive than the pull,

sinkage, and towed force coefficients.) The rectangular-cross-section

tires develop significantly smaller values of pull coefficient and gener-

ally slightly 7.arger values of sinkage and towed force coefficients than

the circular-cross-section tires. Data for the 6.00-16 solid rubber

tire follow a third central tendency in all four relations.

36. The relations in plate 9 (for tires of diaxreter/width ratios

in the 3 to 8 range) will coincide with those in plate 10 (for tires of
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diameter/width ratios in the 1 to 2.5 range) if a properly formulated

factor that reflects the influence of tire aspect ratio d/b is used in

the clay mobility number. Multiplying Q) - 2 by

h 1l+ (b/2d)

causes data for 10 of the 11 test tires to cluster about a single cen-

tral line for each performance coefficient versus prediction term rela-

tion (plate 11). (The departure of data for the 6.00-16 srlid rubber

tire from each central relation is considered a minor dericiency.) For

those tires for which P and PT data are available (as opposed to P'

and P' data for the 11 tires considered to this point), the prediction
T

term ( + (b/2d) is very closely related to the pull and

towed force coefficients (plate 12). The central lines in plate 12 in-

dicate slightly smaller values of P/W and slightly larger values of

PT/W than those obtained in plate 11 for P'/W and PI/W , respec-

tivcly, with these differences decreasing in magnitude as values of the

prediction term decrease. This result agrees with findings in Appen-

dix A and paragraph 13. ) 1/2 1

37. In summary, the term -- ( bi)d) predicts the

four tire performance coefficients with useful accuracy for practically

all pneumatic tire shape; now normally encountered. The form of this

prediction term is simple and similar to that of the basic prediction

G(bd)3/2 6 6 Cbd /h1/2 1term for sand, W h Thu " W + b/2d is re-

ferred to herein as the basic prediction term for clay.

Alternative prediction terms

38. • -(1 + A procedure similar to that

used in the development of the basic prediction term was used to relate

functions of C b , d , W, and (1- h) to the dimensionless perfor-

mance terms. (1 -h was chosen as the deflection term so that the per-

formance of tires and wheels of a very broad range of deflection condi-

tions could be predicted. As illustrated in plate 13a, this alternative

prediction term correlates with pneumatic tire pull coefficient data
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almost as well as the basic prediction term (plate ll),'and collapses

pull coefficiert data for the 6.00-15.solidrubber tire to the central

relation of the pneumatic tires Much more effectively than does the

basic prediction term. The one outlying data point for the solid rubber

tire suggests that too large values of the 'pull coefficient may be pte-

dicted for tires with small deflection values;as values of the alterna-

tive prediction term become large. (A similar trend was noted for the

corresponding predictioh term for sand in platý 3a and Paragraph 21.)

Plate 13b shows that very slightly smaller values of P/W than of P'/W

(plate 13a) are obtained at corresponding values of the alternative Ipre-

diction term.

Gb1/2 d3/24
39. W +. . This term was developed to allow the

performance of tires and wheels in fine-grained soils to be predicted

on the basis of C , W , 6 , and only two tiiz size measures, width b,

and diameter d . Comments made in paragraph 38 •relative to the posi-

tioning -f data in plate 13a apply almost directly to plate 144, except

the latter shows slightly more data scatter. This piternative term pre-

dicts the performance of pneumatic tires qilte well, .and predicts the

performance of solid rubber tires (6/h values as small as 0.001) rea-

sonably well for values of pull coefficient up to about 0.4. -Again,

slightly smaller values are obtained for P/W' than for P'/W , all con-

ditions being equal (plate 14b).

40. CAJ/W . The success achieved in incorporating h.erd-surface

contact area A in a prediction term for sand (paragraphs 25 and 26).c

suggested a similar application for clay. A general relation exists be-

tween CA c/W and pull coefficient, measured either as P/W or P'/W

(plate 15), but the data scatter is excessive., Thus, use of CAc/W to

predict tire performance in fine-grained soils does not appear justified.

41. It is of interest to note that CA /W is the ratio of cone
c

index to hard-surface contact pressure W/Ac . If 'the shear 'strength s

of soil is taken as the dominant soil parameter that contributes to a

tire's performance• and. s is approximated from Coulomb by s =,c

+ p tan 0 (c cohesion, p = contacý pressure, and 0 = angle of
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internal friction of the soil), then for purely cohesive soils, tire

performance is independent of p (or W/Ac for tires), and for purely

frictional soils, tire performance changes directly with p . Tire per-

formafice in cohesive soils is affected by tire size and shape; however,

plate 15 illustrates that these effects are not delineated through use

of simple contact area (,ad contact pressure). This plate, together

with plate 5, generally support the hypothesis with regard to soil shear

strength.

42. Summation. Both alterna ive prediction terms Cbd

1/2 3/2 4
(1 h-- 2 "+(b/2d) .d /d/ (1 + ý6)4 predict pneumatic

tire performance in clay with useful accuracy and predict solid tire

performance with reasonably good accuracy; the scatter of the data in-

creased an values of the prediction terms increased. Hard-surface con-

tact area A appears not to delineate effectively the influence ofc 12
tire geometry on performance. The basic prediction term ( •

i
1 + (b/2d) is more closely related to the tire performance coeffi-

cients than any other prediction term examined herein for pneumatic

tires with 6/h values generally used (and recommended) in off-road

operations.

Effects of velocity

43. All of the foregoing relations for tirc--s operating in clay
* were developed with data obtained in tests at values of wheel transla-

tional velocity V of 5 to 6 ft/sec. To determine whether V
affects tire performance in saturated clay, tests were made with two

essentially 2:1 scale-model tires (the 9.00-14, 2-PR and the 4.00-7,

2-PR) at one deflection condition (6/h = 0.25), a wide range of wheel

loads, and velocities that ranged from 0.5 to 18 ft/sec. The basic pre-

diction term for clay was used to consolidate the data. Close examina-

tion of the data in plate 16a reveals "hat, for a given value of pull

coefficient, the value of the basic prediction term generally decreased

slightly with increasing values of V for each tire size. Also,w
values of the basic prediction term for the 9.00-14, 2-PR tire were
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generally larger than those for the 4 .00-7, 2-PR tire at corresponding

values of pull coefficient.

44. One imeans whereby these trends can be diminished or removed

is to increase the value of cone index as translational velocity in-

creases, and to scale the size of this increase in inverse proportion to

tire size. in a study at the WES of the effects of velocity on the pen-

etration resistance of rigid cooo )f one shape (right circular, 30-deg

apex angle) and a large range of sizes in three saturated, fine-grained

C x/dx

soils, the relation = was developed to describe the

12
effects of viscosity on the penetration resistance of fat clay. (Here,

C is cone index obtained at any particular velocity V with a cone
x x

of diameter d ; C is synonymous with C and is cone index obtained
x s

at velocity V = 72 in./min with a cone of diamet-•' d = 0.798 in.)

If width b for a tire is chosen to correspond to characteristic linear

dimension d for a cone, and wheel translational velocity V is sub-x w

stituted for cone penetration velocity Vx , the equation C = C

Vb 0 .0 92 xx

is obtained. Multiplying the basic prediction term

/1 /b \.092
by j"s-- in.proves the relation in plate 16 a considerably, but

produces prediclion term values smaller than those in plate 12 by c out

25 percent. This difference can be eliminated either by multiplyirg by

0.80 or using O.lV in the velocity term [(0.1)0. 0 9 2 = 0.809] . The

same central relation as that in plate 12 is produced when the basic

(o.lVý/b)O0.
0 9 2

prediction term is multiplied by (plate 16b).

h5. The collapse of the teýst data to a central relation indicates

(O.lV /b) 0 . 9 2

that use of w to account for velocity effects is basi-.,,s /d

cally correct. Two very broad assumptions were made in apolying this

term--(a) tire width b is the characteristic linear dimension of the

tire (likely this is nearly correct, at least for cases of tire sinkages
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that are small relative to b , as would be expected for tires operating

at high speed), and (b) soil penetration resistance changes with the

translational velocity of a tire at 20 percent slip in a manner similar

to its change with penetration velocity of a cone. Although plate 16b

indicates general success in the use of (0;l\ /b)O. 9 2 , c-ation is ad-

vised in its use since the technique needed to account for the effects

of velocity on tire performance obviously needs refinement.

Effects of soil type

46. WES single-wheel laboratory tire tests have been made in only

one saturated, fine-grained clay. Very likely, tire performance is in-

fluenced by differences among values of several parameters for a variety

of fine-grained soils; these effects will be studied in future tests.

Effects of tire surface

and soil surface conditions

47. Four 6.00-16, 4-PR tires, each with a different type of outer

surface (nondirectional tread, aggressive chevron tread, smooth with

traction aid, and buffed smooth (i.e. no tread)) (fig. 8) were tested at

a deflection of 0.35 (in most tests) in saturated, fat clay with three

types of surface conditions (unflooded, flooded and undrained, and

flooded and drained). 1 3 Since preparation of these types of soil sur-

faces often produced nonuniform soil strength profiles with depth, and

since the soil layer very near the surface influenced tire performance

most, cone index in the 0- to 1-in. layer was used to chdracterize soil
strength. Pull remained unchanged through five passes in the unflooded
soil, increased with each pass in the flooded and drained soil, and do-

creased with traffic in the flooded and undrained soil. First-pass pull

performance for the flooded and drained and the flooded and undrained

conditions were essentially the same. The magnitude of pull depended to

some extent on the duration of the flooding; lowest pulls due to slip-

periness were attained when the flooding period was brief and the soil

strength high.

48. For a given wheel load, the value of los3 of pull lue to

flooding, expressed as a percentage of the pull in th• unflooded
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a. 6.00-16, L-PR tire with non- b. 6.oo0-16, 4-PR tire with
directional military tread aggressi'e chevron tread

i J]PECTION
OF ROTAT-ON

c. 6.00-16, 4-PR smooth tire with d. 6.00-16, 4-PR smooth tire
traction aid

Fig. 8. Test tires used in study of effects of wet-surface conditions
on tire performance



condition, was essentially a constant for each tread pattern, and took

values of approximately 4O, 50, 60, and 90 percent for the nondirec-

tional, aggressive chevron, smooth with traction aid, and buffed smooth

tires, respectively. In the unflooded soil, the tread pattern made a

noticeable difference in performance (plate 17a). The tire equipped

with tract:-on aid developed the largest values of pull coefficient, the

values developed by the smooth tire and the tire with aggressive chevron

tread were about 15 percent smaller, and those produced by the tire with

nondirectional tread were smaller by about 30 percent. The central re-

lation of pull coefficient to the basic prediction term for the smooth

6.00-16, 4-PR tire tested in unflooded sections (plate 17a) was somewhat

different from the central line in plate 1-2 for 11 smooth pneumatic

tires (solid line in plates 17a and 17b), This difference resulted, at

least in part, because an indicator of soil strength over the 0- to 6 -in.

layer was used for the relation in plate 11. Obviously, too, the differ-

ence between shapes of the two curves is an indication of the precision

with which the relations in plate 11 can be applied to a particular tire-

soil situation. Relative to the curve transferred from plate II, only

the smooth tire with traction aid developed significantly larger values

of pull coefficient over an extended rang&- of values of the basic predic-

tion term.

49. In flooded soil, the treaded tires and the smooth tire mith

traction aid perf--med about equally well and considerably better than

the smooth tire (plate lTb); Aowever, all the tires performed far worse

in the flooded innditions than the buffed-smooth tires tested routinely

in unflooded test sections.

50. In summary, flooding a near-saturated fine-grained soil

greatly reduces the pull performance of tires with foul very different

surfaces (plates 17a and 1Tb). Prctrusions from a tire surface (whether

integral tire tread or attached traction aid) appear to improve tire per-

formance sign-ficartly in flooded soil test sections, largely because

they "bite" through the weak soil surface to gain traction in stronger,

undeilying soil layers. For this environment, the type or shape of the

protrusion used appears to influence performance only slightly. For the



unflooded soil surface condition, a smooth tire performed generally as

well as or better than the two treaded tires, and the tire with tracticn

aid perfiormed better than the smooth tire only after values of the b.iAc

prediction term exceeded about 7. For this condition, soil strength and

slipperiness were essentially constant with deptn, so that penetrating

the soil surface with tire protrusions did not influence pull perfor-

mance as much as it did in the flooded test sections.
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PART III: VEHICLE VERSUS SINGLE-WHEEL PERFORMANCE

Limitations

51. Only the basic pri-iction terms for sand and for clay are con-

sidered in the remaining analyses in this report. Before any of the re-

lations presented aerein for tires tested singly in the laboratory are

extrapolated to the prototype vehicle-field situation, cognizance must

be taken of several major, largely uninvestigated factors that influence

this operation.

Soil classes

52. The single-wheel tests were conducted on only t,;o broad soil

classes: (a) air-dry, almost purely frictional sand a - (b) near-

saturated, almost purely ohesive clay. Prediction terms that were de-

veloped differed basicallý,i according tc. these two soil classes. Thus,

to this extent, scil class fication is a needed independent parameter,

and extrapolation of relat.ons developed from the test data will be

valid for any given soil on.'y insofar as that soil's pruperties approxi-

mate those of one of the two soil classes tested.

53. The restriction above is not too severe, since the two tested

soil classes represent a very broad spectrum of field environments that

pose significant problems for -wheeled vehicle mobility. The prediction

term developed for sand can be used for soils that occur on sand beaches

and in dune areas, and for predomin&ntly sandy soils that are dry and

loose, especially near the surface. The prediction term developed for

clay can be used foi wet, soft, fine-grainel sPnd clayey soils, e.g. rice

paddies, marshes, tilled fields during the wet season, low-lying bottom-

lands, etc. Neither prediction term developed from tests in the labora-

tory will provide a good estimate of performance on fine-grained or

clayey soils that are dry or only moist; however, vehicles generally

perform much better in dry-to-moist soils than in those used in the lab-

oratory test program. Thus, for design considerations, relations devel-

oped from laboratory tests in the two broad soil classes generally pro-

vide for the worst probable soil conditions.
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Soil strength profiles

54. Prediction of field results by laboratory-developed relations

is limited seriously by the fact tha: -.'ie laboratory relations are

strictly valid only for soil strength profiles that are uniform with

depth (near constant penetration resistance for clays, linearly increas-

ing for sands). Layered or nonuniform soils have not yet been studied

enough to understand and correlate the influences of soil strength dis-

continuities. Without doubt, layered or nonunifcro soil strengths can

markedly affect wheel performance, and somme of the differences between

lab-- + ry and field test results stem from differences in soil profiles

obtain, d in the two environments.

Tread pgittern

55. The effect of tread pattern is a largely unevaluated tire

parameter closely related to the problem of layered soil. Tire tread is

known to be important when it allows the tire to obtain contact with a

stronger soil layer. In all routine tests to date, tread was removed

from the test tires to prevent tread effects being confounded with other,

more basic tire parameters (size, shape, etc.). A very limited amount

of test data was obtained in the study of pneumatic tire performance on

clay with a slippery surface (paragraphs 47-50); sufficient data are not

available, however, to evaluate tread pattern in a design analysis, even

in a relative sense.

Translational velocity

5(. Relations have been developed that appear to account for the

influence on tire performance at 20 percent slip of wheel translational

velocity over a relatively wide range of values (about 1 to 18 ft/sec)

in sand a:Ad in clay (paragraphs 28-30 and 43-h5, respectively). Further

study is needed to develop accurate, quantitative descriptions of soil-

wheel in'teractions in teims of effects class4.cally .used to describe the

influence of velocity (i.e. in terms of viscous effects, inertial
effects, etc.).

Wheel slip

57. For triu zingle-wheel test data examined herein, three of the

four perfcrmance parameters--pull, torque, and sinkage--were evaluated
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at one slip level, 20 percent. For most of the test data, this resulted

in sampling the performance parameters at 90 percent or more of their

maximum values. The 20 percent slip level is considered a reasonable

design basis because (a) slightly conservative predictions of attainable

performance usually are desirable, and (b) for many situations, particu-

larly in clay, the slight increase in pull obtained by operating at slip

values larger than 20 percent is more than offset by associated penal-

ties of excessive sinkage and reduced forward movement. An ability to

predict tire performance at any of a wide range of slip values would im-

prove the description of the tcwed condition, in particular, sincP this

performance level occurs over a fairly wide range of negative slip val-

ues (about -1 to -15 percent), and different test techniques have been

found to produce different values of towed force, all conditions being

equal. 14

Vehicle operating characteristics

58. Conventional, full-scale, wheeled vehicles possess several

operating characteristics that usually cause their average wheel perfor-

mance to be worse than that obtained for any one of their wheels tested

singly. Among these characteristics are differential wheel slip (front

to rear, or side to side, or both), change in wheel load due to dynamic

weight transfer, steering forces, and differences in motion resistance

caused by imperfectly tracking rear wheels. A detailed description of

the mechanism of wheeled vehicle dynamic weight transfer has been formu-
15lated. Test-proven, quantitative descriptions of the effects produced

by each of the above-listed vehicle operating characteristics are

largely lacking.

Summation

59. Relations have been developed from the single-wheel labora-

tory tests to predict tire performance for a very broad range of values

of wheel load, soil strength, and tire size, shape, and deflection.

Scant knowledge of the effects of nc-reral important soil and tire param-

eters (paragraphs 52-57) and of several vehicle operating characteris-

tics (paragraph 58) causes problems in exirapolating the single-wheel

laboratory relations to predict prototype wheeled vehicle performance in

the field.

37IJ



Tests in Sand

Extrapolating single-wheel,

multipass relations to

predict vehicle performance

60. Prediction of the performance of a pneumatic-tired vehicle

with two or more wheels traveling in th:, same path imposes a requirement

similar to the prediction of the performance of a single wheel on each

of multiple passes in a single path. In either case, the performance of

each wheel is influenced by the soil condition created byr the preceding

wheel or wheels. For air-dry Yuma sand, the value of G may either in-

crease or decrease under the action of tire traffic, depending on sev-

eral factors (initial soil strength, wheel load, tire size, etc.). Thus,

use of the before-traffic measurement of G causes more scatter in rela-

tions involving multipass, single-wheel data than use of values of G

measured just prior to each pass. This increase in scatter must be ac-

cepted as a necessary crudity, however, since it is not practical to mea-

sure soil strength just prior to the passage of each individual wheel of

a vehicle.

61. Relations of the pull and towed force coefficients to the ba-

G(bd) 3 /2 !
sic prediction term are demonstrated in plate 18 for all

second-pass and third-pass conditions of single-wheel tests in which

pull values were corrected for the effects of inertia. Scatter of the

test data is relatively constant between passes, with the central lines

indicating that values of P/W and of PT/W are smaller for the third

pass by a very small amount for all values of the basic prediction term.

A comparison of results of pass one and pass two (plates 2 and 18) shows

that values of P/W decreased considerably with traffic, 4hereas values

of PT/W showed very little change.

62. To simulate the performance of two- and three-axle wheeled

vehicles, data from the multiple-pass tests in table 9 were combined as

follows: (a) The pull (or towed force) coefficient for two- and three-

axle vehicles was taken as the average of the corresponding coefficient

for passes one and two, and for passes one, two, and three, respectively,
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of the single wheel. (b) Values of W in the basic prediction term

were taken as the average of wheel loads either for passes one and two,

or for passes one, two, and three, respectively. (All other factors in

the basic prediction term were constants, with G the before-traffic

measurement.) Plate 19 demonstrates that this procedure produced very

well-defined relations of the pull and towed force coefficients to the

basic prediction term, and that each of these relations is effectively

delineated by a single central curve. The curves in plate 19 are in-

tended to simulate both two-axle and three-axle vehicle performance in

the laboratory.

Laboratory tests

of 4x4 vehicles

63. Three standard military vehicles equipped with treaded tires

were tested at constant 20 percent slip in Yuma sand test sections that

were prepared in the same manner as those for the single-wheel tests.

The test vehicles were carefully steered in a straight line at low for-

ward speed. Results of the tests are shown as discrete data points in

plate 20. rhe smooth curve in plate 20 is the same as the curves in

plates 19a and 19b, and represents very well the central tendency of the

relation produced from the performance data of the three test vehicles.

Field tests of wheeled vehicles

64. Field tests have been conducted on coarse-grained soils in
16various rcrts of the world with a variety of military vehicles. In

nearly every case, most, if not all, of the factors discussed in para-

graphs 52-58 were acting. Sand at the test sites usually was moist or

even wet; Irawbar-pull tests usually were not run at a controlled slip,

but were made at seveial levels of pull with only the data relevant to

the maximum attained pull recorded for each test; and no special provi-

sions were n.2de to control differential wheel slip, dynamic weight trans-

fer, or steering forces. To effect even a first-order evaluation of the

basic prediction term for sand, the following assumptions were made:

a. The cohesive forces were negligible.

b. An equivalent G can be computed from the 0- to 6 -in.

penetration resistance data recorded in the reference
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(see Appendix A). This implies that the rate of increase

of strength with depth (G) was nearly constant for a

given field test to at least the 6 -in. depth.

c. The vehicles were loaded so that each tire carried an

equal share of the load.

65. Maximum-drawbar-pll data from field tests with various 4x4

and 6x6 wheeled vehicles are recorded in table 12, and towed-test data
3in table 13. The tests were conducted on dry-to-moist sands on various

ocean and river beaches and dunes in the United States, and on beaches

in the South Pacific and in France. The basic prediction term for sand

consolidates a3l the maximum-drawbar-pull data to one relation and the

towed data to another, so that a single central curve can be used to

delineate each (plate 21). This is encouraging, since a wide variety of

tire sizes, shapes, deflection conditions, tread patterns, loads, and

coarze-grained soil cont-Mtions are represented. It indicates, also,

that the assumptions li-ted in paragraph 64 provide a valid basis for

grouping vehicle performance data.

66. In plate 22, the central curves from plates 19 and 21 are com-

pared. For each relation, the field and laboratory curves have the same

general shape, and consistently poorer performance was obtained in the

vehicle field tests than in the single-wheel laboratory ests. The cen-

tral lines established for vehicle performance in the field offer the

basis for a tentative performance prediction system, and for design cri-

teria for vehicles operating in dry-to-moist sands (plate 23). These

curves can be used to forecast the mobility of existing vehicleE or to

select tires that will provide the desired degree of sand mobility for

existing or proposed vehicles. Examples for applying these curves are

presented in Appendix B.

Tests in Cla

Extrapolating single-wheel
multipass relations to
predict vehicle performance

67. No vehicle tests have been conducted in the laboratory in

clay because multipass, single-wheel tests showed that cone index, tire
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pull, and torque remain essentially constant under tire traffic in the

laboratory (paragraphs 12 and 33). If the strength characteristics of

fine-grained soils encountered in the field are approximated by those of
the laboratory clay, and if none of the factors discussed in para-
g-aphs 52-58 degrade field vehicle performance, then the average tire
performance of a vehicle shoulJ equal that obtained in single-wheel,

multipass tests in the laboratory. Unfortunately, neither of these hy-
potheses is even roughly satisfied in typical vehicle operations in the
field. All of the factors i paragraphs 52-58 do affect wheeled vehicle
performance in fine-grained soils, so that poorer performance in the

field is expected. Also, soil conditions encountered in the field are
often anything but homogeneous, and the soil may either gain or lose
strength under wheeled traffic. At least two options for characterizing
in-the-field, fine-grained soil strength present themselves. First, the
before-traffic soil condition described by the average value of cone in-

dex within a specified soil layer can be employed; i.e., identically the

same technique that has been used in the laboratory can be applied to

the field situation. A second technique that has been used for a number

of years at the WES to describe the state of the soil for trafficability

purposes (i.e. for repeated traffic, usually 50 passes, of vehicles in

the field) involves an attempt to convert the before-traffip average

cone index value to the value that predominates during the trafficabil-

ity test. This is done by multiplying before-traffic average cone index

by the dimensionless remolding index RI* for the particular soil layer

of interest to obtain the rating cone index RCI . Cone index measure-

ments are made at the surface and at 1-in.-vertical increments to a

depth of h in. before and after compaction. The ratio of the sum of

cone index values obtained after compaction to the sum of those obtained

* RI is obtained by placing an undisturbed sample of the test soil,
approximately 7 in. long and 1.9 in. in diameter, in a cylinder of
approximately the same dimensaons attached to a base plate, and sub-
jecting the, soil to 100 blows wiuh a 2-1/2-lb hammer falling 12 in.
(fig. 9). for very '-eak soils (cone index values of about 10 and
under) the sample is enclosed, and the entire test instrument is
dropped 25 times onto a rigid surface from a height of 6 in.j 41
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before compaction, expressed as a decimal, is the remolding index. No

claim is made that this mechanical technique* duplicates the action of

a wheel in soil; it is emphasized, however, that RCI correlates more

closely with parameters that describe trafficability test results than

does any of a number of other soil parameters that have been investi-

gated in the trafficability studies. In particular, RCI has been found

very effective in collapsing to a single relation trafficability test

results obtained in a wide variety of fine-grained soil types and

strengths. Both average cone index and RCI, each measured in the 0- to
6-in. layer, are examined herein for their utility in describing soil

strength for the one-pass, in-the-field, wheeled vehicle situation.

Field tests of wheeled vehicles

68. Unlike the laboratory tests, field tests usually were not run

at a controlled slip, but were made at several levels of pull. Since

the pull-slip curve for clay does not peak at 20 percent slip (fig. 3b),
'as i1 does for sand (fig. 3a), the influence of differential wheel slip

should influence vehicle performance in clay less than it does in sand.

The fact that wheel pull usually increases monotonically with slip (al-

beit the rate of incrcase in the range of positive slip values larger

than about 15 percent is small) causes maximunm pull to be attained when

the wheel is making very little forward movement. Under these condi-

tions, the wheel is performing near-zero useful work. Thus, a perfor-

mance parameter that describes the work performed by the wheel is needed

to select the slip level at which pull should be sampled. Work output

index is a dimensionless number that indicates the vehicle's towing

ability and is defined as follows:

Work output index x distance vehicle traveled P (i - slip)
W distance wheels traveled =

Wheel slip at which the maximum work output index occurs is termed opti-

'mum slip.

69. 'Data from field tests of five wheeled vehicles are presented

*' See footnote on page 41.
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in tables 14 and 15. These data were obtained from only two17,18 of the

many sources examined because only in these two references were suffi-

cient pull and sl~p data reported to define with some assurance the

value of maximum work output index, and hence optimum slip. Refer-

ence 17 and this rep~ort use values of P/W obtained at the slip value
where a plot of work output index versus slip indicates maximum work

output. Corresponding plots were made for those tests in reference 18

for which sufficient puli and slip data were available to define the
maximum work output condition (fig. 10). Values of optimum slip from
these two references fall in the 15 to 30 percent slip range (table 14),
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but average 20.5 percent and cluster closely about this value (standard

deviation of 3.6 percent slip). Thus, data sampled at the 20 percent

slip point in the laboratory single-wheel tests in clay can justifiably

be compared with wheeled vehicle performance data sampled at the optimum

slip level in field tests.

70. Values of towed force coefficient and pull coefficient at

maximum work output obtained in the field tests of five wheeled vehicles

correlate quite well with values of the basic prediction term for clay

when either cone index or RCI in the 0- to 6 -in. layer is used to char-

acterize soil strength (plates 24 and 25, respectively). This is en-

couraging not only because a variety of vehicle configurations, wheel

loads, and tire sizes, shapes, and deflection values are included among

these data, but also because soil strength conditions from the field ap-

pear to have been adequately described in terms of either cone index or

RCI. Before-traffic %ralues of cone index at 1-in. vertical increments

in the 0- to 6 -in. layer often differed by at least a factor of 2 for a

given cone index profile, as shown in tables l4 and 15.

71. Central lines used to describe the laboratory and field test

results are ýýQmpared in plate 26 for soil strength described by cone in-

dex. Values of pull coefficient increase much more rapidly for the

field than for the laboratory data for values of the basic prediction

term up to about 6.5, and much more slowly thereafter. The Y-axis as-

ymptote of the equation used to describe the field data agrees with WES

experience that wheeled vehicles in the field rarely attain P/W values

larger than 0.8 at optimum slip in wet, fine-r.rained soils. The central

lines of the towed force coefficient versus basic prediction term rela-

tion for field and laboratory have the same shapes, but the curve for

the field data is located above and to the right of the laboratory curve.

72. Average wheel performance of vehicles in the field was ex-

pected to be different (and generally poorer) than single-wheel per-

formance in the laboratory because of the factors presented in para-

graphs 46-50 and 52-58. Probably most influential of these in-the-field

factors were differences in soil types, irregularity of soil ',;trength

profiles (extremely so in :~omn cases), slippery soil surfaces, and
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changes in soil strength caused by wheeled traffic. Also, large values

of the basic prediction term were usually produced in tl.- laboratory

with moderate values of C (none larger than 68) and very small vzlues

of W (as small as 100 lb). Corresponding values in the field were

obtained with very large values of C (over 100 in some cases) and mod-

e-'ate values of W (none smaller than about 1800 lb). The laboratory

condition--moderate C , very small W--appears either to produce bet-

ter tire flotation or to utilize soil strength better than the field

co.dition.

73. The comparison of central relations from laboratory and field

is not as straightforward for soil strength measured by RCI as it is for

soil strength measured by cone index. This occurs, first, because RCI
measurements were not routinely taken in the laboratory single-wheel
program. To get an indication of the values that would have been ob-

tained, cone index and RI were measured in the 0- to 6 -in. layer at

three locations in each of three representative test sections of the

laboratory clay (a low-, an intermediate-, and a high-strength section),

and RCI values were computed. The following values were obtained:-

Low-Strength Intermediate-Strength High-Strength
Test Section Test Section Test Section

Location No. 1 2 3 1 2 3 1 2 3

Cone index 22.7 22.1 17.9 33.9 32.6 32.9 67.9 76.9 71.1

RI 0.83 0.95 0.86 0.93 0.92 0.98 0.93 0.87 0.84

RCI 18.8 21.0 15.4 31.5 30.0 32.2 63.1 66.9 59.8

The average of the nine RI values is 0.90, and there appears no rational

correlation between RI and cone index. It was reasonable, then, to mul-

tiply the abscissa term of the central lines for the laboratory data in

plate 12 by 0.90 to approximate the relations expected if RCI measure-

ments had been available. These adjusted central lines are shown in

plate 27, together with the central lines obtained for the field data

(from plate 25). The relative shapes of laboratory and field curves for

the 1'1W versus basic prediction term rel-it,ýon in plate 27 are simiflar

to those obtained when soil strength is dcscribed by cone indfex
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(plate 26); in plate 27, however, the field curve lies above the labora-

tory curve for X-axis values from about 3.1 to 6.3. Vehicle operating

characteristics are thought to cause worse overall vehicle performance

than that expected of each of its wheels tested singly (paragraph 58),

which implies that RI for the field tests reduced the soil strength mea-

surement (RCI) too much for values of (RCI)bd -/2-lessW (b 1 + b/2 e

than about 6.3. (Values of RI in this range of prediction term values

averaged 0.69.) The central lines of the towed force coefficient versus

basic prediction term relation for the field and laboratory data in

plate 27 are aligned in a fashion similar to corresponding curves based

on cone index in plate 26.

74. On the basis of field and field-versus-laboratory data pre-

sented herein, no clear-cut decision can be made regarding which of the

soil strength descriptors--average cone index or RCI--should be used in

predicting one-pass wheeled vehicle performance. Slightly less data

scatter was achieved using RCI (see pl-tes 24 and 25), but the central

lin.s of the laboratory and field data for the pull coefficient versus

basic n~ediction term relation indicate that RI affe•ted RCI values ob-

tained for the laboratory and field test soils differently (plate 27).

A reasonable test of the adequacy of RI to indicate change in strength

for one pass of a wheeled vehicle would involve comparing RI values with
io after-one-vehicle-pass average 0- to 6 -in. cone index for a

before-traffic 0- to 6-in. cone index
number of combinations of soil type, !;oil strength, wheel load, vehicle

configuration, tire size, tire shape, and tire deflection. Very likely,

a l-tc-i correlation between these twc terms would be obtained only

after some modification is applied to the process for obt'iining RI. (RI

was developed for the multipass situation'ý see paragraph 67.) Since no

after-first-pass cone index measurements were taken for any of the field

tests reported herein, comparison of RCI with after-first-pass average

cone index must await further testing.

75. At this point, then, the "probl2m" of choosing between cone

index and RCI is somewhat moot, since each of these measurements was

shown to correlate quite well with major parameters that describe
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one-pass wheeled vehicle performance. Because WES experience has shown

that RCI effectively- describes soil strength on a common basis for a wide

variety of t~pes and consistencies of fine-grained soils, relations de-

veloped in the remainder of this report for vehicles operating in fine-

grained soils use RCI for the soil strength measurement. The central

relations established for field vehicle perf 'mance in wet, fine--grained

soils are presented in plate 28. These curves are suggested for use in

a tentative performance prediction and/or vehicle design system; ex-

amples for applying them are presented in Appendix B.



PART IV: DESIGN CRITERIA

76. The following relations were determined by using the basic

G(bd) 3/2 6 Cbd
prediction terms for sand and clay - and !I--- "

1
1 + (b/2d) , respectively, and the equations used to characterize

near-maximum-pull data obtained for vehicles in the field in sand and

clay (plates 23 and 28, respectively). Similar relations would be ob-

tained if the alternate prediction terms were used.

Tires for Vehicles Operaing in Sand

Optimum load

77. Consider the relation for near-maximum pull/load from

plate 23, i.e.

_ •(bd)3/2 6
P -- -- 5"-50 where a = 6 - (i)
W 1.92a + 37.20 ' W h

or k

p -T 5.50 G'bd"3/2 _w

= k whcre k = b h
1.92 •-+ 37.20

p kI- 5.50W
W 1.92k + 37.20W

So

k1W - 5.50W
2

P =(2)
1.92k + 37.20W

If there is an optimum load, then a plot of pull versus load will ex-

nibit a peak and dP/dW at that point will equal 0.

p (1.92k, + 37.20W)(k 1 - 11.00W) - (kW 5.50 )(37.20)
dW 2 0

(1.92k1 + 37.20W) 2
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or A
1.92k•2 - 21.12k W + 31.20klW - 409.20W2 

- 3T.20k W + 204.60W2 = 0

Then
-21.6o 1 21.12kW + 1.92k 1 0

a-d

=21.12k1  4 21.12k~) - 14(-204.60)(1.92k)W
opt 2(-2014.60)

21.12k -44.92k -23.80k
__1_0-0582k_(1

-409.20 -409.20 = 0 10582k (3)

From equation 2:
P k(0.0582k1 ) - 5.50(0.0582k 1 )

opt 1.92kI + 37.20(0.0582ki)

0.0582k~ 2 00186k2
11 = 0.0969k (14)1.92ki + 2.165k 1

and Popt O.o00969k1
Wopt 0 0 8 k1 _

Wopt 0.0582k1  - 0.166 (5)

78. Thus, there are unique values of optimum load, optimum pull,

and optimum pull/optimum load (equations 3, 4, and 5, respectively) for

each particular sand-pneumatic tire situation. The ratio P /Wopt opt
should not be confused with pull coefficient P/W used to characterize

near-maximum wheel pull performance in all considerations prior to para-

graph 77. A particular value of P/W is obtained at each particular
value of the basic prediction term, and values larger than 0.166 obvi-

ously are possible (plate 23). However, an optimum (or absolute maxi-

mum) pull is obtained for one particular value of load (W opt) at one

le.el of pull/load (i.e. P /Wopt = 0.166 , equation 5) for all tires
opt op

in sand (plate 29).

79. The relations developed in paragraph 77 are illustrated in

plate 29 for one particular combination of tire size and deflection and
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several values of penetration resistance gradient G . It will be noted

that. the shape of each curve is parabolic, and th&t a line drawn through

the origin at a slope P/W = 0.166 passes through the maximum value of

P for each curve. Also, the values of P increase directly withcpt
increasing values of G , and the absolute value of P decreases as the

value of P/W either increases or decreases from 0.166. Thus, the val-

ues of P/W larger than 0.166 in plate 23 are necessarily associated

with smaller loads than those required to produce optimum pull (P/W's

> 0.166 fall to the left of P/W = 0.166 in plate 29). Equation 1 in-

dicates that increasing the value of a to a very large number (as oc-

curs when the value of W becomes smaller, G becomes larger, etc.)

causes the P/W value to approach a limit of 1/1.92, or 0.521. It is

of interest to note that 0.521 is the tangent of 27.5 deg, a value which

is fairly representative of the angle of internal friction of many nat-

ural dry-to-moist sands.

Immobilization load

80. For most practical situations, the extreme load of interest

is not a very light load, but the maximum load that a particular tire

can transport. Immobilization load W, or the minimum load needed to

cause zero pull, is computed from equation 1 by determining the load

that causes a - 5.50 to equal zero. Then, with k, = G(bd)3/2. 6
W h

k - 5.50W
WI = kl/5.50 (from the relation P/W = 192k + 3720W = 0 for the

th ratio W +W =008k/k 50)=.372 0 I osat.Tu o
immobilization condition). Since Wpt = 0.0582k (from equation 3),

therat O Wpt/W =.52](I ÷ 5.50) = 0.32 , a constant. Thus for

any particular tire-sand situation, immobilization occurs at a load ap-

proximately 1/0.32 or 3.1 times larger than the optimum load. The immo-

bilization condition is an extremely important consideration in the

design of tires for off-road use. In fact, running gear configurations

for wheeled vehicles designed to operate off-road should be chosen pri-

marily on the basis of an acceptable minimunn soil stiength G and the

requirements imposed on b , d and 6/h by the immobilization condi-

tion ,cr that value of G
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Effect of tire size and
deflection on wheel pull

81. Effect of tire width and diameter. Values of pull coeffi-

cient (plate 23) and optimum pull, optimum load, and immobilization load

(plate 29) all increase directly with increasing values of the basic

prediction term. In this term, tire width b and diameter d each -are

raised to the same power, indicating that width and diameter affect tire

performance equally. Whether to increase width or to increase diameter

to improve tire performance must be decided from considerations relevant

to each particular vehicle running gear design, e.g. horizontal and ver-

tical space limitations, tire stability requirements, etc.

82. Effect of tire deflection. In the basic prediction term, de-

flection 6/h has an exponent of 1, indicating that the same relative

increase in the value of deflection (say doubling its values) will in-

crease the value of the prediction term by a substantially smaller

amount than a corresponding relative increase in either width or diam-

eter (23/2 - 2.83 , fcr instance). Physically increasing either tire

width or tire diameter costs money, while increasing tire deflection (by

decreasing inflation pressure) costs nothing, at least within that range

of values of deflect-on where a particular tire can operate effectively.

Thus, it is clear that for very soft soil conditions, a tire should be

designed for and opeiated at the largest values of deflection

practicable.

Tires for Vehicles Operating in Clay

Optimum load

83. Consider the relat2 <n for near -maximum pull/load from

plate 28.

_P - 2 - 2.59 jhere (RCI)bd 1/2 L

W 1.25ý2 - 1.19 ' 2 WV i + (b/2d)

or

p = k2 /W - 2.59 116\/2 IS- (125k2 /W) - 1.19 ' k2  11Td 1 + (b/2d) 2
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So k 2W - 2.59W2

1.25k2 - 1.19W

Solving for dP/dW = 0 in terms of k and W yields

3.08W2 - 6.48k W + 1.25k =0

and

Wopt = 0. 211k 2 (8)

From equation 7:

Popt =0.096k2  (9)

and

P

-! = 0.455 (10)W
opt

The relations develop-d above are illustrated in plate 30 for one par-

ticular tire size-deflection combination and a range of values of RCI.

Maximum absolute values of pull are attained at P/W = 0.455 ; these

values increase directly with increasing values of RCI. Larger values

of P/W are obtained in the relation in plate 28, but the decreasing

values of load associated with values of P/W larger than 0.455 cause

values of atsolute pull to decrease from the maximum at P/W = 0.455

Equation 6 indicates that very large values of 82 (as would be prodaced

by very small values of load) cause the value of P/W to approach a

limit of 1/1.25 = 0.80 . It is interesting to note that the upper

limits of wheel pull performance in clay are much larger than those in

sand in terms of both Popt /Wopt and of maximum P/W (0.455 versus

0.166, and 0.300 versus 0.521, respectively).

Immobilization load
S(k2 /WI) - 2.59

84. From = Tl.25k2/W1 ) 1.19=0, WI = k2 /2.59 ,where k

1 / 1W t , 0 .2 -1 1 k 2
=(R)bd 'The ratio 0.5- 2

"W k /2.59

53



constant. Thus, for any particular tire-clay situation, immobilization

occurs at a load approximately 1/0.55 = 1.8 times larger than the

optimu load.

Effect of tire size and
deflection on wheel pull

R5. Effect of tire width and diameter. Wheel pull performance

increases directly with increasing values of the basic prediction term

in terms of P/W (plate 28) and in terms of Popt ' Wopt , and WI

(plate 30). Values of this term are influenced more by changes in the

value of diameter than by changes in the value of width because of the
1

factor , + (b/2d) . For example, doubling the value of d increases

the value of the basic prediction term by a factor of 2.4, whereas

doubling the value of b increases the value by a factor of 1.5. Halv-

ing the value of d reduces the prediction term by 62 percent, whereas

halving b reduces it by 40 percent. The greater influence of d re-

~b 1\~2 1/2
stlts, of course, because -d i+ (b/2d) 1 1

(bd2d
2bd -

2-d+ .T How changes in the values of b and d influence the value

of %bd2/%2d + b) is shown in fig. Ii, ,there 2bd /(2d + b) = k for

initial values of d = 1.0 and b = 1.0 . Doubling and halving the

tire diamn-ter and width are rather drastic alterations, of course; but

even rtlaLively small changes in the value of diameter influence the

value of 2bd 2/(2d + b) (and the basic prediction term) significantly

more than corresponding changes in width, aL shown in fig. 11.

86. Effect of tire deflection. The basic prediction term for

clay is influenced by changes in deflection in a manner similar to, but

less pronounced than, that caused by changes in the value of width b

(e.g. halving deflection reduces the term by 30 percent; doubling de-

flection multiplies it by i.4), Halving b reduces the term's value

by 40 to 50 percent; doubling b multiplies it by 1.5 to 1.9, for b/d

values initially in the 1/1 to 1/10 range. Changes in deflection influ-

ence the value of th- prediction term significantly less than correspon-

ding relative changes in the value of dianeter d . Again, increasing

the value uf either width or Jian-eter co3ts money; increasing the value
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of deflection costs nothing (within the range of deflection values where

a tire can operate effectively). Noteworthy, too, is the fact that

changes in values of deflection influence tire performance in clay sig-

nificantly less than corresponding changes in sand.

Summat ion

87. Th• relations discussed in paragraphs 76-86 are based on

laboratory-established single-wheel prediction terms extrapolated to de-

scribe in-the-field, full-scale wheeled vehicle performance. The accu-A

racy expected in applications of these relations to field s~tuations is

of the order indicated by the scatter bands in plates 21 and 24 for

carefully condaicted field tests. Considerably more testing and analysis

Ij LI

are needed to describe the effects on tire performance of' the many
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factors not adequately quantified (primarily these in paragraphs 52-58).

Nevertheless, the relations in plates 23, 28, 29, and 30 and in para-

graphs 76-86 provide a reasonable base for predicting the performance of

wheeled vehicles in the field and for selecting tire sizes, shares, and

deflections to satisfy particular wheeled vehicle-soil condition require4

ments in the field. Several examples of this type of application are

presented in Appendixc B.
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PART V: CONCLUSIONS AND RECOMMENDATIONS

Conclusions

88. The foregoing analysis is considered adequate basis for the

following conclusions:

a. The performance of single pneumatic tires of either cir-

cular or rectai:gular cross sections operating either in

air-dry to moist sand or in near-saturated clay at the

towed and near-maximum-pull conditions (taken as the

20 percent slip point ii all laboratory tests) depends

primarily on soil strength, wheel load, and tire size,

shape, and deflection (with wheel translational velocity

held constant) (paragraphs 6 and 7).

b. One basic dimensionless prediction term for pneumatic

G(bd)3/2 6tires operating in sand, - , and another for

Cbd Q 1/2 1
pneumatic tires in clay, ,b h1_are-W h 1 + (b/2d) ae

demonstrated to predict in-soil, single-wheel, pneumatic

tire performance (for tires at 0.15 to 0.35 deflection in

sand and 0.08 to 0.45 deflection in clav) with better ac-

curacy than any other prediction terms examined herein

(paragraphs 17-27 and 34-42, and plates 1-2 and 11-12,

respectively). G(bO) 3 " - f

-c Alternative prediction terms ( ) for
-2

Cbd / 621tires in sand and 2dd -i for-W--" 1 + (b/2) o

tires in clay predict single-wheel pneumatic tire pull

performance with only slightly less precision than the

basic prediction terms (compare plate 3 with plates la

and 2a, and plate 13 with plates lla and 12a, respec-

tively). Also, these two alternative terms predict the'

pull performance of tires of very small deflection (6/h
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values of, say, 0.03 and smaller) much more accurately

than do the basic prediction terms (paragraphs 21 and 38,

respectively). 8

d. Alternative prediction terms .bd2 (1 • - for
1cb/2d3/2 4

tires in sand and 1 +- for tires in

W Ld/

clay eliminate one tire dimension (section height h) in-

cluded in the terms in b and c above. They predict tire

pull performance for pneumatic tires of conventional

tire deflection valu-s almost ac well as their corre-

sponding alternative prediction terms in c above, and

predict the pull performance of tires of very small de-

flection approximately on a par with the alternative

terms in c (paragraphs 23-24 and 39, and plates 4 and lh,

respectively).

e. Hard-surface contact area Ac can be incorporated in a

2 3/2dimensionless term G c useful for predicting tire

performance in sand with slightly better accuracy than

the alternative prediction terms for sand in c and d

above (paragraphs 25-26 and plate 5). A appears toc

delineate the effects of tire geometry on pneumatic tire

pull performance in clay less effectively than in sand

(paragraphs h0-4l and plate 15).

f. Increasing wheel translational velocity Vw (in the <1

to 18 ft/sec range) increases the pull coefficients in

both sand and clay. In sand, this effect appears to be

independent of tire size; in claý, the effect decreases

as tire size increases. Multiplying the basic prediction

terms by the empirically developed dimensionless terms

(15V- /2 and \ V w for sand and clay, re-
(5v)1/2 V I d

spectively, effectively collapses pull coefficient data

to one central line for a broad range of values of Vw

(paragraphs 28-30 and h3-45, and plates 6-7 and 16,

respectively) , 5



•. The central relation of the basic prediction term for

p3neumatic tires ir air-dry mortar sand can be adjusted to

the same relation obtained for tires in air-dry Yuma -and

by adjusting mortar sand values of penetration resistance

G to Yuma sand G values on the basis of relative den-

sity (paragraphs 31-32, plate 8). No analys i s was made

relative to the effects of soil type on tire performance

in fine-grained soils.

h. Flooding the surface of a near-saturated, fine-grained

soil test section reduces the pull coefficient drasti-

cally. Smooth tire performance is degraded most by

flooding; whereas tires with tread or traction aid (rub-

ber or steel cleats) perform about equally well at a

level well above that of the smooth tire. Type of tread

has more influence on the pull coefficient for the un-

flooded than for the flooded condition, but only a tire

with traction aid performs significantly better than a

smooth tire in an unflooded environment (paragraphs 47-50,

and plate 17).

i. Single-wheel penuinatic tire performance on second and

G(bd) 3 /2 6
third passes in sand is related to al

W h

though the relation is not the same as that for the first

pass. Laboratory tests demonstrated that in-sand, one-

pass 4 x4 vehicle pull performance can be predicted on the

basis of the single-wheel, multipass relations (para-

graphs 60-63 and plates 18-20). Soil strength and tire
performance (except for sinkage) are essentially unaf-

fected by traffic in the near-satarated laboratory clay,

therefore, for this type of soil, nondimensional single-

wheel performance can be equated directly to vehicle per-

formance (paragraph 67).

j. The basic prediction terms adequately collapse wheeled-

vehicle field performance data for sand and clay to
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relations similar to those obtained for single wheels in

the laboratory (paragraphs 64-66 and 67-75, and

plates 21-23 and 24-28, respectively). Where direct com-

parisons could be made, it was found that wheeled vehi-
cles performed consistently worse in the field than

single wheels performed in the laboratory, primarily be-

cause of the factors discussed in paragraphs 52-58.

k. Major wheeled vehicle performance parameters correlate

with the basic prediction term for clay (i.e. for fine-

grained soils) about equally well when either cone index

C or rating cone index RCI is used for the soil

strength parameter (paragraphs 67-75 and plates 24 and

25). RCI is chosen as the parameter presently recom-

mended for field applications because WES experience is

that RCI effectively describes soil strength on a common

basis for a wide variety of fine-grained soil types and

consistencies.

1. Optimum pull (i.e. absolute maximum pull), optimum load,

and immobilization load can be computed on the basis of

equations relating pull/load to the basic prediction

terms for sand and for clay (paragraphs 77-80 and 83-84,

and plates 29 and 30, respectively).

m. Tire width and diameter influence tire performance in

sand equally, but diameter has somewhat greater influence

than width for tires in clay. Tire deflection 6/h has

less influence than either width or diameter on tire per-

formance in either sand or clay. However, increases in

deflection value can improve tire performance signifi-

cantly, and this increase costs far less than corre-

sponding relative increases in either width or diameter

(paragraphs 81-82 and 85-86).

Recommendations

89. It is recommended that.:
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a. Each of the factors that presently limit extrapolation of

single-wheel laboratory tire performance relations to

wheeled vehicle field performance situations be studied

in detail, i.e. the influence on tire performance of soil

classes (different types of essentially purely cohesive

and purely frictional soils, as well as soils possessing

both cohesive and frictional strength components), irreg-

ular soil strength profiles, and operating characteris-

tics peculiar to a wheeled vehicle (as opposed tD a

single wheel), and to a somewhat lesser degree (because

more is known of their effects), the influence of wheel

translational velocity, wheel slip, and tire tread pat-

tern or traction aid.

b. The effects of all of the factors in a above be evaluated

and quantified on the basis of data from carefully con-

trolled laboratory tests; then application of these rela-

tions to wheeled vehicle field situations be validated.

i1

6ii



LITEPATUFIE CITED

1. McRae, J. L., Powell, C. J., and Wismer, R. D., "Performance of
Soils Under Tire Loads; Test Facilities and Techniques," Technical
Report No. 3-666, Report 1, Jan 1965, U. S. Army Engineer Waterways
Experiment Station, CE, Vicksburg, Miss.

2. Freitag, D. R., "A Dimensional Analysis of the Performance of Pneu-
matic Tires on Soft Soils," Technical Report No. 3-688, Aug 1965,
U. S. Army Engineer Waterways Experiment Station, CE, Vicksburg,
Miss.

3. Green, A. J., Jr., "Performance of Soils Under Tire Loads; Develop-
ment and Evaluation of Mobility Numbers for Coarse-Grained Soils ,"
Technical Report No. 3-666, Report 5, Jul 1967, U. S. Army Engineer
Waterways Experiment Station, CE, Vicksburg, Miss.

4. Green, A. J., Jr., Smith, J. L., and Murphy, N. R., Jr., "Measuring
Soil Properties in Vehicle Mobility Research; Strength-Density Rela-
tions of an Air-Dry Sand," Technical Report No. 3-652, Report 1,
Aug 1964, U. S. Army Engineer Waterways Experiment Station, CE,
Vicksburg, Miss.

5. Kerisel, J., "Deep Foundations in Sands:. Variation of Ultimate
Bearing Capacity with Soil Density, Depth, Diameter, and Speed,"
Proceedings, Fifth International Conference on Soil Mechanics and
Foundation Engineering, Paris, Vol II, 17-22 Jul 1961, pp 73-83.

6. Smith, J. L., "Strength-Moisture-Density Relations of Fine-Grained
Coils in Vehicle Mobility Research," Technical Report No. 3-639,
Jan 1964, U. S. Army Engineer Waterways Experiment Station, CE,
Vicksburg, Miss.

7. Patin, T. R., "Performance of Soils Under Tire Loads'; Extension of
Mobility Prediction Procedures to Rectangular-Cross-Sectiun Tires
in Coarse-Grained Soil," Technical Report No. 3-666, Report 7,
Apr 1972, U. S. Army Engineer Waterways Experiment Station, CE,
Vicksburg, Miss.

8. Leflaive, E. M., "Mechanics of Wheels on Soft Soils; Effect of
Width on Rigid Wheel Performance," Technical Report No. 3-729,
Report 2, Nov 1967, U. S. Army Engineer Waterways Experiment Sta-
tion, CE, Vicksburg, Miss.

9. Freitag, D. R., Green, A. J., Jr., and Melzer, K. J., "Performance
Evaluation of Whee]s for Lunar Vehicles," Technical Report M-70-2,
Mar 1970, U. S. Army Engineer Waterways Experiment Stationi, CE,
Vicksburg, Miss.

10. Drnevich, V. P., Hall, J. R., Jr., and Richart, F. E., Jr., "Tran-
sient Loading Tests on a Rigid Circular Footing," Contract Report
No. 3-146, Feb 1966, U. S. Army Engineer Waterways Experiment Sta-
tion, CE, Vicksburg, Miss.; prepared by Týniversity of Michigan
under Contract No. DA-22-079-eng-3 4 0.

62



11. Melzer, K. J., "Measuring Soil Properties in Vehicle Mobility Re-
search; Relative Density and Cone Penetration Resistance," Techni-
cal Report No. 3-652, Report 4, Jul 1971, U. S. Army Engineer
Waterways Experiment Station, CE, Vicksburg, Miss.

12. Turaage, G. W., "Measuring Soil Properties in Vehicle Mobility Re-
search; Effects of Velocity, Size, and Shape of Probes on Penetra-
tion Resistance of Fine-Grained Soils,," Technical Report No. 3-652,
Report 3, Nov 1970, U. S. Army Engineer Waterways Experiment Sta-
tion, CE, Vicksburg, Miss.

13. Smith, J. L., "A Study of the Effects of Wet Surface Soil Condi-
tions on the Performance of a Single Pneumatic-Tired Wheel," Tech-
nical Report No. 3-703, Nov 1965, U. S. Army Engineer Waterways
Experiment Station, CE, Vicksburg, Miss.

14. Murphy, N. R., Jr., "Performance of Soils Under Tire Loads; Effects
of Test Techniques on Wheel Performance," Technical Report No. 3-666,
Report 6, Oct 1967, U. S. Army Engineer Waterways Experiment Sta-
tion, CE, Vicksburg, Miss.

15. Turnage, G. W. and Green, A. J., `r., "Performance of Soils Under
Tire Loads; Analysis of Tests in Sand from September 1962 Through

November 1963," Technical Report No. 3-666, Report 4, Feb 1966,
U. S. Army Engineer Waterways Experiment Station, CE, Vicksburg,
Miss.

16. Rush, E. S., "Trafficability of Soils; Tests on Coarse-Grained
Soils with Self-Propelled and Towed Vehicles, 1958-1961," Technical
Memorandum No. 3-240, Seventeenth Supplement, May 1963, U. S. Army
Engineer Waterways Experiment Station, CE, Vicksburg, Miss.

17. Schreiner, B. G., "Mobility ExerciEe A (MEXA) Field Test Program;
Performance of MEXA and Three Mililary Vehicles in Soft Soil,"
Technical Report M-70-11, Report 2., Vol 1, Mar 1971, U. S. Army
Engineer Waterways Experiment Station, CE, Vicksburg, Miss.

1.8. Robinson, J. H., Smith, R. P., and Richardson, B. Y., "Trafficabil-
ity Tests with a Rubber-Tired Log Skidder," Miscellaneous Paper
M-69-1, Jan 1969, U. S. Army Engineer Waterways Experiment Station,
CE, Vicksburg, Miss.

19. Powell, C. J. and Green, A. J., Jr., "Performance of Soils Under
Tire Loads; Analysis of 'ests in Yuma Sand Through August 1962,"
Technical Report No. 3-666, Report 2, Aug 1965, U. S. Army Engineer
Waterways Experiment Station, CE, Vicksburg, Miss.

20. U. S. Army Engineer Waterways Experiment Station, CE, "Traffic-
ability of Soils; Slope Studies," Technical Memorandum No. 3-240,
Eighth Supplemrnt, May 1951, Vicksburg, Miss.

63



ft"Mm tIM Valobt N a at WAteb NOWst ...... ...
D lerlllm 1 1 I. T in ,iztmm ,. r C

V rsw. te No1~ fetl W1 owt toea re, ba inh m
44 lb 1"iofm!i ft_ M lf fetms 2 lIn.t in. ys~

k.0W7. 2.2M

0.15 0.06W 00 16.00 16.20 3.09 2.63 k.18 k.W 14.10 3.57 1.oo 3. 1.76 0.15
o.06LoL 35 33.00 33.90 3.-2 9.6k 4m 16.1a 1.16 3.56 6.31 4.20 .9 35.66
o.AA 3%.0 51o 51.80 3.3k 2.67 4.%16 1.50 14s.0 3.59 6.0 1.36 2.0 55.02
0.06*2 11t" 63.20 63.50 3.18 2.70 11.3 11.50 1.1.6 3.61 7.29 11.50 2.10 62.111

0.1033 13 6.05 2.20 3.6 2.30 it.15 4., 11.014 3.431 U.9k 5.310 2.6 3.83
0.o063 50 2.30 2.0 3.06 2.30 4..15 :1 114.4k 3.- 11.0 5.00 2.80 h.55
0.3m 63 3.30 350 3.07 2.30 4..16 I.S.1 11.06 3.112 U.61 5.20 2.90 5.33
0.10 , s o 5.20 5.50 3.06 2-.3 11.16 1.50 111.08 3.-2 1.9 5.05 2.77 7.32

0.1091 100 6.00 6.20 3.00 2.31 11.17 ?a." 111.A08 3.113 10.87 5.31 2.65 9.20
0.1001 1111 7.115 7.60 3.06 2.31 11.17 11.50 111.08 3.112 1.1.62 5.18 2.1 .81
0.10g 131 9.70 9.80 3.06 2.31 11.17 11.50 A,05a 3.1P4 10.9 11.97 12.0 1l.m
0.1001 113 10.30 10.20 3.08 2.31 1.1.7 41.49 111.06 3.142 11.6 5.20 2.77 32.33

0.109e 155 30.35 10.50 3.09 2.32 4.18 4.50 11.30 3.43 1.62 5.20 2.78 13.34
0.1092 171 12.80 12.95 3.09 2.32 4.18 11.50 14.10 3.13 12.20 5.31 2.90 14.0e
0.09 "k 111.00 11.20 3.09 2.32 11.18 1.50 11.0 3.13 1•.32 5.30 2.89 16.56
0o.109 W5 16.80 ! 7.00 3.09 2.32 11.18 4.50 A.20 3.A1 1U1.53 5.21 2.66 19.51

0.1105 233 17.30 17.50 3.10 2.32 11.18 s.50 111.1 3.1 11.81 5.21 2,v 19,7.
0.110 *17 18.20 18.40 3.10 2.32 1.18 1,53 11.12 3.11 1.52 5.17 2.7"6 21.211
0 U03 340 25.80 26.00 3.11 2.33 11.20 4.57 1411,. 3.16 1.0 5.30 2.73 29
0.1103 359 26.60 26.80 3.11 2.33 O.20 1.53 1:14, 3.15 12.12 5.30 2 80 29.6

. 55 31..70 35.00 3.12 2.31 ,.22 11.58 A.,16 3.117 U.70 5.10 2.72 38
0.10 18 3.0 6.1 312 231 11.22 11.58 1416.1 3.117 12.11 5.110 2.8.1 3961

0.110M 513 0.o00 10o20 3.12 2.31 1.2 1.59 11.16 3,47 12.21 5.37 2.76 11.91
0-11W2 5111 115.00 115.00 3.12 2.31 14.22 11.59 111.16 3.9 11U.90 5.32 2.76 415.116
0.11M 570 17.00 17.00 3.12 2.31 1.22 1.60 11.16 3.118 12.11 5.10 2.78 17.07

0.35 0.15& 100 2.50 2.'0 3.06 1.99 4.15 11.61 14.01 3.35 15.76 6.20 3.10 6.35
0.1534 150 5.50 5.60 3.08 2.00 1..16 11.61 14.08 15.67 9.89
0.1531 225 10.10 10.10 3.09 2 01 1.17 11.68 11.08 o .35 15.55 6.0,; 3.26 111.6
0.1532 340 16.7n 17.00 3.09 2.01 1.18 1.71 14.10 3.36 15.97 6.16 3.31 21.29
0.1530 155 21.,0 21.90 3.10 2.02 1.20 1.76 11.12 3.A6 17.11 6.39 3.13 26.09

11.00-20. 2.22

0,08 0.019D 315 82-.00 82.00 3.38 3.11 1.36 4.40 26.43 7.35 1.87 1.50 1.10 61.68

0.15 0.0336 225 21.50 241.70 3.16 2.69 4.18 1.53 27.99 7.11 9.21 6.00 2.00 24.23
0.0312 55 18.00 118.20 3.22 2.71 1.22 .4 Re 8.11 7.16 9.78 6.31 2.00 16.52
o.m14 670 60.70 61.00 3.23 2.75 4.25 4.50 28.13 7.18 1 '.W 6.70 2.11 61.35

0.25 0.0559 225 11.20 11.40 3.12 2.31 1.1 11.53 27.91 6.98 16.31 7.36 2.75 13.80
0.0558 30 18.00 18.20 3.111 2.36 11.15 11.56 27.95 7.00 16•.• 7.57 2.75 20.83
0.0561 115 2A.11 21.70 3.16 2.37 1.18 4.56 27.99 7.00 16.4? 7.55 2.72 27.63
0.0570 670 37.20 •.750 3.20 2.10 14.20 .61 28.07 7.03 16.33 7.75 2.63 41.03

0.35 0.0782 225 6.30 6.70 3.11 2.02 1.05 1.75 27.8) 6.87 22.67 8.65 3.31 9.93
0.0781 310 10.80 11.00 3.12 2.03 1.11 11.82 27.91 6.88 24.60 9.00 3.42 13.82
0.0788 155 11.70 15.00 3.13 2.03 4.A1 4.82 27.91 6.88 21.90 9.06 3.38 18.27
0.0800 670 22.70 23.00 3.16 2.05 4.17 1.83 27.9' 6.89 25.52 9.111 3.12 26.25
0.0800 72O 21.50 21.70 3.16 2.05 1.18 1.82 27.99.) 6.90 25.26 9.25 3.35 98.50

0.45 0.1009 670 15.110 16.10 3.14 1.73 1.14 5.12 27.95 6.83 33.75 10.55 3.82 19.85

6.00.16. 2414

0.15 0.0559 225 8.30 8.50 5.27 4.48 6.60 6.91 28.26 7.05 2o.12 7.20 3.30 11.02
0.0559 300P 11.20 11.10 5.28 4•.9, 6.60 6.92 28.28 21.5 s - 13.93
0.065 155 17.00 17.20 5.30 ,,.50 6.61 6.95 28.32 7.01 22.28 7.73 3." 20o.13
0.0561 670 28.80 29.00 5.32 4.52 6.62 7.00 28.36 7.10 20.52 7.57 3.23 32.65
o.0561 8,0 37.70 38.00 5.33 11.53 6.63 7.00 28.38 7.10 21.31 7.65 3.30 41.71

0.25 0.09e8 225 1.20 1.50 5.25 3.914 6.60 7.28 28.22 6,90 31.59 8.90 4.V' 7.12
0.0931 455 10.00 10.0 5.27 3.95 6.60 7.22 28.26 6.89 33.95 9.110 1.25 13.40
0.0933 670 15.00 .30 5.29 3.97 6.60 7.30 28.30 6.89 35.65 9.61 11.39 18.79
0.0932 720 15.0 16.20 5.30 3.93 6.60 7.28 28.32 6.89 36.08 9.80 4.38 19.96
0.0932 890 P.o70 21.00 5.30 3.98 6.62 7.28 28.32 6.91 36.09 9.72 :.40 21.66

(Continued)

Note: eAvy oi tne values given in British units of measure in this report were obtained by converting metric values given

I" otLer reports. Differences in number or significant figures used in this and sme of the source reports, round.
Ing of numbers in the conversion process, and the use of values for tvo or more listed terms to compute ano letr trm
(in subsequent tables) sometimes caused very slight differences between value, of corresponding terms in this and
the source reports.

* ?terpolated values. 
(I of 3 sheets)



Tos.i I ,co(tlu" )

phs. me UM~ U4ift SaUGR Vi4h 1)o111*g -- -w4wa.1 u
is, b . '* ftremw Cwtaal Coutect Omtact

2.W d kgfdIM ftta2

6.00.16. ..-R iftftmuft

0.3 0.1m9 m 2.00 2.50 5.23 3.40 6.60 7.19 26.1 6.5 '6.35 11.20 6.10 3.99
0.130. 1i.5 6.50 7.00 5.27 3.43 6.60 7.70 26.26 6.77 50.25 1.20 5.,8 9.05
0.1302 67o0 30.00 0.30 5.27 3.43 6.6o 7.72 2.26 6.78 52.69 1.5o0 5.'7 32.72
0.1M0 e%0 32.50 33.00 5.29 3.0' 6.6o 7.72 28.30 6.78 56.76 i1.Oi 5.73 15.68

6.0-0.6 (SoMd)

0.020 0,0036 295 . - 5.17 5.-2 7.0 7.01 2;.81 7.29 1.81 2.12 1.06 IM,032

0.025 0.00m3 55 . - 5.17 .. ok 7.00 7.01 27.81. 7.27 3.05 2.75 1.o0 149.18

9.00-Q1. 2--S

0.0 0.067% 225 7.30 7.50 6.u 5.36 8.25 8.50 28.20 6.98 26.60 8.00 14.15 8.16
0.0676 455 16.200 16.40 6.fi 5.41 8.28 8.52 28.32 7.07 26.80 8.20 4.00 16.98
0.0676 670 25.20 25.40 6.40 5.16 8.30 8.61 28.42 7.16 26.30 8.31 4.00 25.18
0.0686 890 36.70 37.00 6.50 5.52 8.34 8.61 28.58 7.26 23.90 7.97 3.75 37.21

0.25 0.1113 117 1.30 1.50 6.23 4.6" 8.13 8.84 28.01 6.83 51.51 10.50 6.10 2.27
0.1112 135 1.65 1.90 6.24 4.68 8.15 8.82 98.06 6.81 52.22 10.60 6.12 .1-59
0.3113 155 2.20 R.A0 6.2. 4.68 8.15 8.81 28.06 6.82 52.31 10.59 6.30 2.96
0.1112 16A 2..0 2.70 6.21 4.68 8.15 8.83 26.06 6.82 52.07 10.50 6.01 3.15

0.1111 172 2.60 2.80 6.25 4.69 8.17 8.82 28.08 6.83 53.38 10.70 6.20 3.22
0.1116 191 2.90 3.05 6.28 1.71 8.19 8.80 28.14 6.83 53.10 10.60 6.11 3.60
0.1116 2i0 3.00 3.25 6.28 14. 8.20 8.80 28.11 6.83 53.10 10.71 5.95 3.95
0..116 225 3.00 3.25 6.28 4.71 8.20 8.76 28.14 -- 53.10 10.96 6.06 4.21

0.111 241 3.50 3.70 6.29 4.72 8.21 8.82 28.16 6.84 53.84 10.60 6.10 4.18
0.1121 279 1.30 4.50 6. 3 4.73 8.21 8.82 28.18 6.83 52.72 10.58 6,00 5.29
0.3I12 291 4.45 4.65 6.,) 4.73 8.21 8.82 28.18 6.83 50.80 10.13 6.00 5.73
0.1121 321 14.9 5.10 6.30 14.72 8.21 8.78 28.18 6.82 52.8 .t0.65 5.90 6.13

0.1121 340 5.10 5.35 6.30 4.72 8.24 8.79 P8.18 6.82 52.58 10.55 6.00 6.17
0.1121 365 5.50 5.80 6.30 4.72 8.24 8.79 P8.18 6.82 52.4. 10.60 5.91 6.96
0.1121 155 7.20 7.50 6.31 4.73 8.25 8.80 W .20 6.78 52.10 10.75 5.80 8.68
0.3121 188 8.35 8.55 6.31 4.73 8.25 8.81 28.20 6.81. 51.26 10.57 5.74 9.52

0.1121 519 9.00 9.20 6.31 4.73 8.25 8.83 28.-20 6.83 51.80 10.52 5.85 10.02
0.1121 550 9.85 10.20 6.31 4.73 8.25 8.78 28.20 6.83 49.51 10.25 5.70 11.11
0. uAi1 610 1o.8o n1.00 6.36 4.77 8.26 8.82 28.30 6.83 51.32 10.60 5.90 11.89
0. U214 610 U1.20 11.40 6.36 4.77 8.26 8.82 28.30 6.83 51.31 10.60 5.93 12.25

0.1121 670 11.6u 11.80 6.36 4.77 8.26 8.82 28.30 50.70 10.64 5.75 13.21
0.1121 821 15.40 15.60 6.36 14.77 8.26 8.82 28 .30 6.82 50.81 10.50 5.80 16.21
0.1123 870 15.90 16.10 6.37 4.78 8.27 8.87 28.32 6.83 50.31 10.50 5.72 17.28
0.1123 890 16.20 161.0 6.37 4.78 8.28 8.87 28.32 6.84 50.k0 10.63 5.75 17.73

0.1123 965 18.20 18.10 6.37 4.78 8.28 8.86 28.32 6.93 51.80 10.68 5.80 18.63
O.l128 1000 18.ho 18.70 6.10 4.80 8.30 8.88 28.38 6.87 52.32 10.76 5.85 19.11
0.1128 151 22.20 22.30 6.o0 4.80 8.30 8.88 28.38 (.92 50.75 10.70 5.66 22.68
0.3135 1465 29.50 30.20 6.48 4.86 8.31 8.84 28.54 o.98 49.41 10.72 5.60 29.65
0.i131 1810 38.70 39.00 6.50 14.88 .31 8,94 28.58 7,03 50.00 10.90 5.53 3b.80

0.35 0.1554 225 1.50 2.00 6.24 4.o6 8.15 9.22 28.o6 6.68 78.70 13.00 1.48 2.86
0.1561 455 4.00 4.1o 6.10 4.I0 8.24 9.36 P8.18 -6. 82.60 13.18 7.60 5.51
0.1567 670 7.30 t.50 6.31 14.10 8.25 9.37 2C.20 6.'7 75.70 12.73 7.1 8.85
0.1576 890 10.20 10.60 6.36 4.13 8.25 9.36 28.30 6.c9 70.10 1,.60 7.07 12.70

1. 75-26

0.15 0.0149 100 40.30 142.0 1.10 1.19 1.72 1.84 28.17 6.52 2.20 3.91 0.79 45.45
0.01o49 25 91,00 93.20 1.40 1.19 1.77 1.89 28.17 6.52 P.45 4.14 0.80 91.84

0.35 0.0348 100 12.40 13.30 1.40 0.91 1.69 2.02 28.17 6.44 6.114 .10 1.27 1".29
0.0348 225 33.00 34.80 1.40 0.91 1.72 2.01 28.17 (.44. 5.92 5.92 1.28 38.01

11.00.20, 12-FR

0.15 0.0654 3000 -- 45.-20 9.03 7.68 11.4. 11.97 41.31 10.41 59.10 n.44 6.05 >3.7T.
0.0654 4500 -- 63.00 9.03 7.68 11.56 12.11 41.31 10.38 63.45 11.43 6.70 70.92

0.23 0.1091 3000 -- 19.00 9.03 6.77 11.31 12.50 41.31 9.98 104.52 15.38 8.04 28.70

0.35 0.1530 3000 -- 11.37 9.03 5.87 11,19 13.03 41.31 9.72 136.01 17.86 8.50 ;2..6
0.1530 4500 -- 21.00 9.03 5.87 11.-41 13.03 41.31 9.72 141.45 17.88 8.69 31.bl

(Continued)

(P of 3 sheets)



~~~~~~~W I. . (Comeam") " Naum'k
IwI*tah cxaa -e-NsaseOw .s 1¢mromsq

Presa. timi Islj, sectito WIM llno g .
ii LOW b in. Tin Ofcrem. a c otact Coutact contact

so No Diamete ttsnc. 2 Tangth vim Pressure
!LAL bJO Load LoW .SI Lca~ed Loa Lo .*In. It- In.' In. in.

163,6.50-8. 2-19

0.15 0,0633 225 18.90 19.00 3..3 2.92 6.11 6..8 16.1 4.15 10.82 3.70 3.5. 20.79
0.0651 350 30.70 30.0 .3.52 2.99 6.45 6.% 16.29 4.15 U.41 k.00 3.60 30.65

025 01.6 225 7.80 8.00 3.31 2.4!! f ki 6.65 15.87 3.96 21.80 5.50 1.62 10.32
0.1068 4"5 18.70 19.00 3.43 2.57 6.41 6.63 1.6.11 3.99 20.22 5.29 4..7 22.50
O.aOO 670 30.60 30.80 3.52 P.61 6.15 6.61. 16.29 20.08 5.38 h.148 33.37
0.109k 89W 5.80 6.00 3.60 2.70 6.50 6.77 16..5 .1.. 20.01 5.5 1,.36 4..8

0.35 0.1131 225 3.75 4.20 3.20 2.08 6.1.1 7.00 15.65 3.93 32.30 6.95 5.56 6.97
0.14,76 1.55 u.65 12.00 3.37 2.19 6.41 6.86 15.99 3.95 30.28 6.70 5.37 15.03

i6x. 50-6. 2-ps

0.15 0.0915 2 8.o5 8.10 5.26 1.47 11.12 11.17 17.27 .4.7 25.51 1.71 6.48 8.82
0.0924 155 17.70 17.80 5.50 4.68 11.12 11.19 17.75 4.53 23.36 4.68 6.20 19."48
0.0942 600 30.50 31.10 5.65 4.80 11.11 11.26 18.05 4.67 20.01 4.50 5.82 29.94
0.0948 890 45-.00 15.00 5.8O 1.93 1.15 11.30 18.35 20.70 4.55 5.53 13.00

0.25 0.1505 225 3.25 3.50 5.13 3.85 1.12 1.22 17.01 4.39 49.58 6.80 8.18 1.91
0.1527 155 8.75 9.00 5.27 3.95 11.12 11.25 .7.29 4.1.3 16.5o 6.19 8.09 9.78

0.35 0.2101 225 1,30 1.70 5.05 3.28 11.U 11.70 16.85 .26 82.07 9.3D 10.18 .71
0.2n11 55 4.50 1.70 5.11 3.31 11.12 11.68 17.03 1.35 73.90 8.50 9.89 6.16
0.215. 890 12.80 13.20 5.10 3.51 1.12 1.65 17.55 4..2 57.19 7.54 8.23 15.58
0.2170 1290 19.00 19.80 5.52 3.59 11.10 11.60 17.79 4.46 58.50 7.88 8.34 21.98

16xi2.00-6. 2.19

0.08 0.04W 225 15.00 15.00 5.31 1.91 15.20 15.20 17.68 4.50 32.10 1.81 7.12 18.11

0.15 0.0898 225 5.6o 5.60 5.19 4.41 15.20 15.2O 17.38 4.32 22.22 2.12 9.70 10.12
W0897 273 6.65 6.8o 5.20 4.42 15.20 15.20 17.1o 32.32 3.50 9.75 8.45

0.0906 455 13.90 11.00 5.33 4.53 15.20 15.20 17.66 41.15 31.10 4.06 9.2,1 14.62

0.25 0.1161 225 1.80 2.50 4.97 3.73 15.20 15.21 16.91 4m.21 71.49 6.36 i..-5 3.02
0.1196 455 6.00 6.10 5.19 3.89 15.PA 15.23 17.38 4.33 56.67 5.40 10.95 8.03
0.1516 890 15.30 15.50 5.31 4.00 15.20 15.22 17.68 4.41 47.56 5.00 10.25 18.71

0.35 0.2038 225 0.65 1.00 4.89 3.18 15.20 15.23 16.78 4..5 100.67 7.70 14.Wo 2.11
0.2070 155 3.50 3.-0 5.10 3.32 15.20 15.23 17.20 4.24 67.16 5.76 12.20 6.76

26x16.00.10. 4-Pi

0.15 O.0o71 315 3.15 3.50 6.00 5.10 16.12 16.16 24.20 6.23 60.00 5.60 11.40 5.25
0.0749 155 6.00 6.10 6.05 5.14 16.14 16.15 24.30 6.26 67.15 6.33 11.60 6.77
0.0751 890 13.90 1A.00 6.15 5.23 16.15 16.15 24.50 6.31 55.33 5.70 10.95 16.09

0.25 0.1240 455 2.00 2.20 6.00 4.50 16.12 16.32 24.20 6.17 118.27 9.70 13.80 3.85
0.1251 1250 12.00 12.25 6 13 4.60 16.15 16.22 24.46 6.23 97.69 8.20 13.02 13.16

0.35 0.1736 890 2.20 2.80 6.00 3.90 16.12 16.43' 24.20 6.12 156.22 12.30 15.22 5.70

0.1736 1020 3.10 3.90 6.00 3.90 16.12 16.50 24.20 6.17 157.23 12.00 15.08 6.49

31x15.5o-13. 1.-PR

0.08 0.O116 225 7.10 7.50 7.70 7.08 15.00 15.03 29.80 7.56 23.18 4.63 6.00 9.61

0.15 0.0769 155 5.15 5.60 7.63 6.49 15.00 15.10 29.66 7.49 62.88 8.25 9.11 7.24
0.0776 1000 15.50 16.10 7.75 6.59 15.02 15.13 29.50 7.58 56.88 7.95 8.75 17.29

0.25 0.1288 890 5.65 6.00 7.63 5.72 15.00 15,28 29.66 7.36 105.72 11.10 10.97 8.41
0.1298 1 9.35 9.70 7.75 5.81 15.00 15.29 29.90 7.42 100.35 11.00 1O.63 11.95

0.35 0.1797 890 3.55 4.00 7.60 4.94 15.00 15.57 29.60 7.32 160.39 14.72 12.75 5.55
0.1812 1350 6.85 7.25 7.70 5.00 15.00 15.52 29.80 7.36 149.4.8 1A.21 12.05 9.03

Rig~id Wheels

0.00 0.0000 All 0.00 0.00 .. .. 12.00 12.00 27.90 87.65 Hard-surface contact shape is a
loads line.

0.00 0.0000 All 0.00 0.00 .. .. 6.00 6.00 27.80 87.34 Hard-aurface eontact shape is a
loads line.

0.00 O.OCC All 0.00 0.00 .. .. 3.00 3.00 27.90 87.65 Hard.surface contact shape is r.
loadn line.

(3 of 3 sheets)
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-able 3

-Sinl1e-.1eel Teste in Tta 2s"d. To-,- Po!nt. lrct Rss (P-neutle Tires)

1•etraem o
Pra i .. a,* f!l. estp 0 .1 ect- ica • .e• el Land S.ee , k W_

Creff•ei -T, W lb S!nksbgt S C 1 3 c c o./dm h
rest 1f- 0 2I esI Tet Z ~J~A /d 2 2

1.00-7, 2.11.

15 796A 9.;5 20.0 17.3 0.15 0.0652 100 85 22 -- 0.38 -7.5 0.259 . o.07 13.81
161 82., 20.0 18.3 15.8 6 0.0552 100 106 12 -- 0.70 -3.1 0.123 .- 0.050 10.12
151, 825A 11.5 11.3 9.8 0.0652 IO 123 21 .. 0.99 -7.0 o.171 C.070 5.41
164 800 15.5 15.0 13.0 o.06.1 225 210 64 -- 0.7 -:2.13 0.305 .- 0.052 %.29

161 T27A 22.0 20.3 17.6 0.25 0.". •, ZO1 121 3 -- _.,1 .2.5 0.025 .- 0.045 16.36
165 WA 24.0 o -.7 19.6 0.109, 100 122 / -- 0.52 -1.2 0.033 - 0.037 18.07
161 831A 30.5 29.0 25.1 o .1o2 2M0 185 21 -- 0.38 -5.7 0.230 - 0.07 15.35
126 &2A 16.0 15.0 13.0 0.1092 225 216 30 .- 0.35 -.. 2 o0.`3 .. 0.025 6.81
161 829A 21.5 22.7 19.6 0.1052 225 231 25 -- 0.20 .2.9 0.107 .. 0.014 9.17
161 82E& 11.1 14.0 12.1 0.1103 3X0 3%8 73 -- 1.17 -7.0 0.210 .. 0.083 3.98

161 83.- 23.0 21.7 18.7. 0.35 0.1521 100 109 13 -. 0.00 --. b. 0.119 -- 0.000 26.71
164 83A 21.o 21.o 18.2 0.1531 150 152 13 -- o.01 -3.8 0.086 -- 0.003 18.79
165 IA 27.5 26.3 22.8 0.1534 150 115 15 -- 0.30 -3.9 0.103 -- 0.021 11.67
161 830o 23.5 22.7 19.6 0.1552 221 224 17 -- 0.60 -3.8 0.076 -- 0.001 13.78
161 8322. 25.0 23.0 19.9 0.1530 455 410 55 -- 0.37 -3.0 0.125 -- 0.025 7.23

b.00.20r 2-PR

161 7912A 9.5 8.7 7.5 0.15 0.0336 225 218 1 -- 1.30 -11.3 0.211 -- O.w01 6.53
161 793A 20.5 19.0 16.1 0.0336 225 221 26 -- 0.59 -1.9 0.118 -- 0.021 11.09
16 7MA. 15.5 14.0 )2.1 | 0.0312 155 I.6 105 -- 1.77 -10.9 0.26 -- 0.063 5.50
161 79U. 15.0 11.7 12.7 0.0312 155 11 10D0 -- 1.18 -9.2 0.227 -- 0.012 5.5-)
152 79. 19.0 18.7 16.1 0.0312 "55 " 87 -- 1.34 -7.6 0.195 -- 0.018 7.00

165 12.& 28.0 32.0 27.7 0.25 0.0559 225 22 18 -- 0.0 .-2.6 O.o07 -- 0.000 37.1.8
165 15A 17.5 15.7 11.1A 0.0559 225 238 U -- 0.29 .2.0 0.o0 -- 0.010 18.58
165 19 28.5 18.7 16.1 0.0558 310 338 21 -- 0.25 -1.9 0.02 -- 0.009 11.88
165 16A 15.0 15.0 13.0 0.0561 155 450 70 -- 0.76 -2.0 0.156 -- 0.027 9.14

165 212A 29.5 2M.7 25.6 0.35 o.078 225 233 15 -- 0.39 -2.7 0.06 -- 0.012. .5.16
165 22A 29.5 29.7 25.6 1 0.0781 310 350 10 -- 0.21 -1.8 0.029 -- 0.009 31.1-5
165 20A 19.5 19.0 16.1- .0.8rc .5 L5 W2 21 -- 0.26 -0.9 O0.0- -- 0.009 15.15

6.oo-16, 2-iq

15 8o11 6.3 6.7 5.8 0.15 0.0559 225 213 33 -- 1.03 -8.8 0.155 -- 0.036 10.10
152. 80o5 1.0 11.0 12.1 0.0559 225 215 15 -- 0.00 -2.8 0.070 -- 0.( 21.50
1% 809A 17.7 18.0 15.6 0.0559 225 222 13 -- 0.20 -2.6 0.059 -- 0.497 25.85
15 8080A 11.3 11.3 12.A. 0.0550 300 293 19 -- 0.20 -2., 0.065 -- 0.007 16.19
156 807A 11.4. 12.0 10.1. I 0.0561 2.55 458 6o -- 0.91 -3.3 0.131 -- 0.033 8.7!
155 35k A..6 1.7 4.0 0.0561 67, 65D 292 -- 3-50 -37.6 O.119 -- 0.12% 2.37

11 816A 15.1 15.7 13.5 0.2,- 0.0928 225 210 10 -- 0.:8 -1.3 0.01 -- 0.010 35.72.
1A5 3-A 17.1 17.3 15.0 I 0.0928 225 223 11 -- 0.01 -1.3 0.063 -- 0.001 1.2.71
151 8161 18.3 18.0 15.6 CI.09A3 1-55 155 18 -- 0.30 -3.3 P.010 -- 0.011 21.83
165 33A 2.6 2.7 2.3 0.0932. 55 29 12 -- 3.8 -,9.3 0.,1. -- 0.127 3..1
152 812A 15.7 15.0 13.8 0.0932 890 865 76 0.71 -9.2 0.088 -- .25 10.22
152 317A 10.6 11.0 9.5 0.0932 890 863 173 -- 1.53 -8.1 0.200 -- 0.0O1. 7.06

15. 803,, 6.3 6.7 5.- 0.35 0.1M9 225 225 26 -- 0.51 -1.5 o.1u6 -- 0.018 22.B8
16 813 19.1 19.0 16,.1 0.12m9 225 239 11 -- 0.16 -. 1 0.06 -- 0.006 60.92
LA 8111 19.-1 2o0.0 -7.3 0.1302 1,55 "6 8 -- 0.01 -1.3 0.018 -- 0.001 31.58
165 31A 3.7 1.0 3.5 0.1302 670 674. 216 -- 3.60 -30.9 0.365 -- 0.17 1.63
26' 8MIA 16.0 17.3 15.0 0.1307 8W0 870 48 -- 0.31 -2.3 0.055 -- 0.012 15.10

9.00.11. 2.22

151 772. 9.0 9.3 8.1 0.15 0.067h. 225 230 2 -- 0.21 -2.7 0.052 -- 0.00) 18.75
15" TW-.5 6.5 7.3 6.3 0.06716 225 225 21 -- 0.58 A-.7 0.093 .- 0.021 11.90
161, 701oA 15.0 16.0 13.8 o.0674 225 230 17 -- 0.12 -1.2 0.072. - 0.015 31.91
1" 782 19.5 20.7 17.9 0.0671 225 232 6 -- 0.2' -2.2 0.026 -- 0.015 21.07
15 177.A 9.5 10.3 q.9 0.067M .55 10 52 -- 1.01 -A.7 0.113 -- 0.036 10.W2
1h 7 2 3.o 13.0 14.3 1. 0.07 2.55 2.58 1 -- 0.742 -2.5 o.O, -- 0.025 11,..28
16b 783A 5.5 6.0 5.2 0.0,73 2.55 &36 9. - 1.81 -11.9 0.216 o- 0.0"6 6.w
15 785.A 20.0 20.3 17.6 0.0678 2.55 160 21 -- 0.2V .2.c 0. - O.016 20.fl
15 7812 12.8 13,.0 12.1 0.0o 8,0 871 151. -- 1.61 -1.2 0.177 -- 0.06 7.67
16 812 19.2 19.7 17.0 0.68 892 86" 7, -- o.88 .0.9 0.O66 -- 0.031 Z0.86

1U5 5 21.8 12.3 10.7 0.25 0.1112 150 1,* 7 -- 0.00 .0.5 0.0.9 -- 0.aw 61.22
155; 2.2 12.8 13.0 21.2 I 0.115U 22' 1?5 7 -- 0.18 -. 0 0.031 -- O.oo06 .3.62
165 7V 24.5 26.0 22.5 02.116 2-Z5 21C 6 -- 0.18 -0.8 0.023 - 0o00 91.28
155 CA 11.5 1l.3 12.2 0.1121 7-55 V 28 -- o.13 -2.2- o.063 - 0.015 21.67
125 27A 13.8 13.7 11.8 0.1121 .55 1.5 5 15 -- 0.10 -3.1 0.0b 2 -- 0.0211 22.51
165 28A . 1.0 3.5 0.1222. 670 6"6 253 -- 3.6 -29.7 0.6 - 0 0,108 .77

165 3A 15.3 16.0 13.8 0.112? aoa 89o .) -- 0.02 -1.7 0.035 -- 0.001 11.57
1x5 21U, 17.8 17.3 15.0 0.1323 MO 8&Z2 35 -- 0.18 -2.9 0.0.1 -A 0.006 15.62

165 42 22.5 21.0 20.7 0.35 0.155. 225 223 1i - 0.00 O. .72. -- 0.000 103.11
16: 5 22. 15.0 15.0 13.0 0.1551 221 226 13 -- 0.02 0. 0.058 - 0.001 69-63
1t5 122. 27.5 28.0 21s.2 0.1567 .70 668 22 - 0.00 .0.1 0.033 - 0.000 U.99
165 13A 1.0 11.3 3.7 0.1567 6n 653 3 -- 2.01 -13.P. 0.195 -- 0.XV 7.04
156 1uA 13.8 11.3 12.2. 0.1576 ,o &A 39 - 0.00 .0.9 0.0,.1 -- O.0W0 17.36'

Alr2uJ1t.o

and 5 t ! Sir t



Table 3 (Concl.ued)

Penetration
Pst e Delecti Twe -Towed Force

Gradient, V•i/ln. on Force, 1b eoefflcpena SinkageTe t 14 %C e -fficient V lb, F r e,! Strat e M I1 S - -tci n - C e f cient 2L, 3/2

Tes 'e G a~ G -b
7

h'26 ~d - p,, TestT P -P zIn.P71 z/d V , h

9.0-14 2-R Contiued)

1-65-6h 14.5 15.1 13.3 0 25 - 152 156 -- 2 0.00 1.2 -- 0.013 0.00o 73.71
1-65-65 13.0 13.4 11.8 j -- 1141 lI -- 5 0.00 1.0 -- 0.035 0.000 70.85
1-65-66 11.0 i1.1 32.7 - 239 21.3 -- 5 0.00 1.5 -- 0.021 0o.o W..18
1-65-67 13.5 14.2 11.6 237 237 -- 6 0.00 1.4 -- 0.025 0.000 43.25
1-65-68 11.2 14.7 13.2 -- 6L3 65o -- 19 0.02 2.0 -- 0.029 0.008 1e.11
1-65-69 11.8 12.2 10.3 I -- 839 821 -- 57 0.00 -7.2 -- 0.06q 0.000 11.21
i-65-70 11.2 14.6 13.2 -- 360 3A.8 -- 6 0.00 0.8 -- 0.017 0.000 33.55
1-65-71 11.5 12.0 9.7 -- 291 286 -- 7 0.00 1.0 -- 0.021 0.000 30.00
1-65-72 12.0 12.7 10.3 o- 160 163 -- 0 0.00 2.0 -- 0.000 0.000 54.63
1-65-74 12.2 13.0 11.0 4-- 55 1.58 -- 13 0.00 6.6 -- 0.028 0.000 21.31

1.75-26 Bicycle

161 504A 10 8.0 6.9 0.15 0.q1•9 100 102 25 -- 1.89 -9.9 0.21.5 -- 0.067 3.12
161 510A 24 22.7 19.6 100 111 13 -- 0.64 -1.0 0.11. -- 0.023 8.70
161 199A 20 11.3 12. 4 100 1.0 27 -- 1.15 -7.5 0.193 -- 0.011 1.1L8
161 503A 13 7.0 6.1 225 212 78 -- 3.52 -15.8 0.368 -- 0.125 1.52
161 508A 10 8.3 7.2 2 216 95 -- 3.99 -18.6 0.1.10 -- 0.141 1.76
161 511A 27 22.3 19.3 225 e56 61 -- 1.47 -8.1 0.238 -- 0.052 3.98
161 497A 16 12.3 10.6 22f 258 79 -- 2.2L -12.1 0.306 -- 0.080 2.17

161 505A 10 7.3 6.3 0.35 0.028 100 91 18 -- 1.63 .6.1 0.198 -- 0.058 7.96
161 5o0 8 6.3 5.14 j 100 93 21 -- 1.85 -8.1 0.226 -- 0.066 6.68
161 500A 20 11.0 12.1 100 133 7 -- 0.63 -0.5 0.053 -- 0.022 10.16
161 509A 10 7.3 6.3 225 .01 75 -- 3.16 -17.1 0.373 -- 0.123 3.70
161 49BA 17 12.3 10.6 225 253 82 -- 2.12 -11.5 0.124 -- 0.075 1.95
161 507A 14 11.3 9.8 225 261 73 -- 2.10 -10.3 0.280 -- 0.075 -1.3

1
6
x

6
.50-

8
. 2.-

A68-0066:1 -- -. 13.7 0.15 0.0633 225 231 23 26 -- -. 0.098 0.111 -- 9.22
,68-0069.ltt .. .. L..2 0.15 0.0633 225 211 -- 1 .. .. -- 0.533 -- 3.09
A68-O072-ltt .. 10.0 0.15 0.0651 350 346 -- 83 .. .. . 0.2Wo -- ,.67

A68-0067-1 .. .. 16.1 0.25 0.1016 225 22. 6 7 .. .. 0.027 0.031 -- 18.14.A68-0073-1tt .. .. 10.7 0.25 0.1080 670 665 -- 308 .. .. .. 0.163 -- Z.33

A68-0092.-1 .. .. 6.2 0.35 0.1431 225 230 30 30 .. .. 0.130 0.130 -- 9.8
A68-0068-1 .. 20.2 0.35 0.1176 4.55 452 18 18 .. .. 0.0to 0.010 -- 16.23k68-.071.1tt . .- - .6 0.35 0.1b76 155 103 -- 308 .. . .-- 0.716 -- 3.89

16xu. 5". 2--R

68.0077. -i . . 6.2 0.15 0.0915 225 216 21 27 .. .. 0.111 0.125 -- 11. 668-M0084.Ift .. .- .8 0.15 0.o092 155 153 -- 190 --.. .. 0.119 -- 1.11
A68-ODe7-1tt . . 6.9 0.15 C.0948 890 863 -- M .. . .. 0.570 -- 3.51

A68.0-0-1 . .-- 10.1 0.25 0.1505 225 226 7 11 .. .. 0.031 0.010 -- 29.06
A68-0078-i . . 6.7 0.25 0.1527 455 156 49 67 .. .. 0.107 0.17 -- 9.79A690085-.tt 4.. -. 8 0.25 0.1527 155 160 -- 105 .. . - -. 0.228 -- 6.95

"t,-"0083-1 . . 13.1 0.35 0.2101 225 231. 8 16 .. .. 0.031. 0.068 -- 50.19
A68.0082.1- - - 1.3.9 0.35 0.2151 W~O 881 73 73 . - 0.083 0.083 -- 13.01.

16x15.o0-6, 2-:

68 1 .. .. 15.9 0.15 0.0898 225 230 1 I .. .. 0.004 0.017 -- 11.52
A68.002.-1 .. .. 6.9 0.15 0.0897 273 279 -.6 29 .. .. 0.093 0.101 -- 15.96

A6-0096-1 . 11. 0.25 0.11.61, 225 229 1 7 .. .. 0.017 0.031 -- 52.32
k68.00951 8 - 87 0.25 0.1196 155 118 32 32 - . 0.071 0.071 -- 20.85

"k68-0094-L . . 11.2 0.35 0..'070 455 &59 9 19 .. .. 0.020 0.041 36.1oA68-0089-1 .. .. 5.0 0.35 0.2770 55 1467 17 55 .. .. 0.101 0.18 15.81

2621600.10, h.2

68.-0101-i .. .. 6.1 0.15 0.0710 155 159 31 30 .. .. '.071% 0.078 -- 16.25
A68-0100-1 .. 5.0 0.15 0.0751 890 W65 174 176 .. .. 0.201 0.203 -- 6.82

k68.0102-1 . . 11.9 0.25 0.12W0 WST 167 13 13 .. .. 0.028 0.028 -- 19.08
A68-0105-1 . . 5.9 0.25 0.12M1 1286 1283 162 162 .. . 0.126 0.126 -- 9.03
A68-0103-1 . . 12.1 0.35 0.1734 890 e95 98 98 0.109 0.1209 -- 36.12-
k6-0104.1 .. .. 1.-2 0.35 0.176 1020 1036 141 1I1 .. .. 0.155 0.155 -- 10.4l

31215.-0-13, &-TV•

A68-0111-1 .- -- 17.5 0.15 0.07P) 155 1.51 h 4 .. . 0.009 0.009 W - 5..62
A6.-0107-1 . . 9.8 0.25 -. M2l VM00 12,05 71 71 .. .. 0.059 0.059 -- 19.11
A98.OUn-1 - - 11.1 0.35 O.1I01. 890 C87 39 L9 - - 00..001 - 18.36
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Table 7

nff3z.&1e Tests is ?at cUZ, Toevd 8'lut,- F l-t ? ass (Eeven Paremtm c Tires MA One • SliAd4e? TIeM)

Pmess Drectsign Wh eal Towed Frce

Test Fusses asstanme Coericlest sea n rsCv 1* te e
______e C_ T pal Desig Teatry deigT a In./

-.00-7. '-PP
363C 5 56 0.15 0.052 100 123 3 - 0.18 0.0f - 0.013 1..31 9.85
36w 5 45 0.06V 1o 111n 12 - 0... 0..17 - 0.010 9.25 8.06
yC 3 26 0.0,52 100 9' 9 - 0 ) 0.093 - 0.021 ,..12 5.33

,c 1 1.6 0.0665 225 226 31 0- o.40 0.137 - 0.028 4.71 4.10
383C 5 66 0.0665 225 228 19 • 0.16 0.063-- 0.011 t-.70 5.83
373: 3 1.1 0.0662 31.0 335 03 0.88 0.126 -- .062 2.87 2.1.9
380W 5 66 o.0662 31.0 3A0 37 - ,.55 0.109 - 0.039 Is.55 3.95
375C 3 h2 0.0672 455 139 104 -- 1.01 0.2-,7 0.071 2.28 1.98
38 3 66 0.0672 1.55 1.51 66 - 0.72 0.146 -- 0.050 3.49 3.03

36&C 5 16 025 0.10A 100 117 3 - 0.00 0.02.6 - 0.000 12.51 10.05
372C 26 o.n911 100 103 7 - 0.00 0.068 - 0.000 7.1. 6.4.5
367C 62 C.109 225 21 29 -- 0.00 0.13 -- 0.000 8.1,3 7.316

1.1 . 0.109 225 229 17 -- 0.25 0.071 0.018 5.67 4.g9
31.2 0.1103 310 330 19 -- 0.12 0.18 - 3 .030 5.78 3.29
381 66 0.1.03 310 310 33 -- 0.22 0.097 - 0.016 .6 5.02
376c 1 3P 0.1102 1.55 36 125 - 1.6 0.287 -- 0.o 2.5. 2.21
386%C 65 0.1102 1.551. 18 - 0.4.4 0.108-- 0.031 4.35 3. M

S5 31 0.35 0.1532 225 221 23 -- 0.30 0.101 - 0.021 1.& 1.66
38ic 5 66 I .1532 225 22 16 - 0.00 .2)0W2 - 0.000 10.31. 9.01
3"7 3 36 0.1532 340 322 - 0 .71 0.208 -- 0.050 3.90 3.40
388 5 t,6 0.1532 310 336 A - 0.00 0.012- 0.000 6.35 5.96
T're 1 38 0.1511. 4515 1.. 88 -- 0.78 0.197-- 0.055 2.99 2.60
38 5, 48 y 0.151., 455 W18 37 -- 0.22 0.083 - 0.016 5.33 4..4

4.00-20. 2-FR

401C, 18 0.08 0.0190 315 V5 17 - 0.57 0.056 -- 0.010 0.2 5.12
1,02C 22 0.08 0.0190 315 307 18 -- 1.30 o 156 -- 0.01, 2.51 2.33

2.1 20 0.15 0.03.4• 225 201 12 -- 0.78 0.059 - 0.028 4.". 4.13
275C 1.8 0.0336 225 221 . -- 0.16 0.023 -- 0.006 9.81 9.16
279W 32 I 0.033L 225 228 1U - 0.37 0.01.8 -- 0.013 6.36 5.92
271C 18 0.034P 455 98 99 -- 1.82 0.255 - 0.065 2.13 1.98
273C 4..) 0.0342 155 45,6 32 -- 0.55 0.0o0 -- 0.020 4.63 4.31
2871' 32 0.0342 455 1 57 -- 1.05 0.12? -- 0.037 3.28 3.05
28,tc 18 0.0341 C'I0 ,29 (Ki -- 0.87 0.097 -- 0.031 3.53 3.P9

2701 22 0.25 0.0559 225 201 9 -- 0.16 0.0. -- 0.006 '.19 5.76
2760 52 0.05S9 225 228 5 -- 0.00 0.02 *- 0.000 13.08 12.18
2877 33 0.0559 225 2•, 10 -- 0.18 0.014 -- 0.oo 8.11 7.81

2 19 O.O,1 1455 377 -8 -- 1.(9 0.207 -- o.06o 2.95 2.71
?74C 18 0.o0-1" 155 150 17 -- 0.08 c.038 - o.o03 ý.2 -81
288k I o.o5) 155 1.7 1.6 -. 0.83 0.103 -- 0.030 4.32 4.02
281C 4'? 0.0570 '70 '455 -t 0.72 0.095 -- 0.06 4..a3 h.00
2910 1.0 0.0570 '.70 ,64 -- 1.20 0.'30 -- 0.043 3.35 3.30
2193 51. 0.0570 (0 " 37 35 -- 0.12 0.055 -- 0.015 3.00

'77" 50 0.35 0.0782 225 211 8 -- 3.00 0.0w8 -- 0.000 i5.8h 11 7t
282 29 0 0782 225 23s 5 -- O.LA 0.021 -- o.0o0 8.21 7.66
P89C 19 0.0782 225 23. 5 -- 0.31 0.021 -- 0.013 5.38 5.02
278r 50 0.0788 455 433 15 -- 0.10 0.035 -- 0 004 ".5 7.35
2814 30 0.0788 155 kSJ 35 -- Of-3 0.077 -- 0.023 14.',2 4.21
295" 1 19 0.0788 155 121 59 -- 1.25 0.110 -. 0.01., 3.09 2.87
282 5 4 0.2800 ('70 351 39 0.41. 0 -- 0.015 1.. .7 1..
tW 315 0.0800 370 :,64 ;. 0.81 0.092 0.029 3.,4 3.j9
294C' 52 0,0800 670 '.28 21 -- 0.20 0.033 -- 0.007 3'. 72 . .P
285" 5;2 0.0800 ,'20 ," 3f -- O.h*7 0.042 -- 0 017 5.1- 4.81
4 cA A'9 0.145 0.100l'. '10" (60 3'o -- 0.32 0.055 -- 0.011 5 (",5 '.2
403r 2' 0.145 0.1009 070 ' 35 145 -- 1.99 0.228 -= 0.071 2.4,' 2.50

1.00-.-. 2 2.3

321r 1'7 0.35 0.0509 22 2-8 14 ** 0 4- 0.059 - 0 0.01' 3 07 5.441
323: 5 1.3 0.0'59 225 237 3 -- 0.08 0.011 - 0.003 19.20 17.1)
3 3 10 0.05S9 225 238 9 -. . O.021 .. .. 12.14 10.8
325C 5 PO 4.O 5. S5 410 '2 .- .1.44 0.14 *- 0.0%1 3.V1 3.02
3511' 5 35 0.051 5 1.S' 4(1 1' -- 0.18 0.033 -- 0.006 8/5
327C 3 20 0.05,64 2 1 1.0 PO 2.10 0.254 - 0,011. 2.30 2.0,"339C 5 1.0 0.0361 370 ,48 75 -- 0.89 0.112 -- 0.011 4.35 1.30
344 3- 0.0564 890 877 13, -- 1.15 0.155 -- 0 oN4 L." P..7',
359r '0 - .0564 89 875 07 .. 0.89 0.114 ** 0.031 U. 10 4.09

322;' 20 0.25 0.0928 225 213 9 -- 0.18 0.037 -- 0.003 7.66, , .8,
324C r1 0.092P 225 24 3 0.10 0.504 -- 0.004 24.28 '1.74
330r 1 0,0932 22') 231 5 -- 0.08 0.021 -- 0.001 1,.',0 11. i3
26C' 19 0.0o', 4 55 444 3 -- 0.9t 0.119 - .0.34 4,.)9 .51
.570 51 0.0)34 455 460 10 -- 0.12 0.021 . 0 .004 10 9.10.3
354C 50 0.093) '70 ',62 33 -- 0 12 0.000 -- 0.004 7.0', t.32
538. 22 0.0912 '70 66M 353 .- 1.42 0.222 -- 0.050 2.'8)
." 50 0.09V2 770 ' It, 37 -- .32 0.032 -- 0.011 f.. 5.83

(C.ontinued)
Pf is towed force plus as (as. time's accelerm7±on) asur~ed i a proerm.wrsd-inocroasing-slip teat. 5" AP7O'ndix A for a e're

detail.• explanation.
'"Sinkage at the tovel p-,,nt. Fi,st-p~ass aa 3( f 3 sheotr)



TWOle 7 (Cctim I • L

6.0-16. 2-.m (cc ,,l;e)

337C 3 21 0o.5 0.0932 o9w 8 W 28 - 2.36 0.2W - 0.3 2.32 ?.CIS
*50 5 37 I 0.0m 3 o 893 U13 - 0.90 o.127- 0.032 3.68 3.8
360C 5 52 0.093R o0 U9 59 -- 0.30 0.066 - o.011 5.4. 4.91

331C 5 2O 0.35 0.199 225 20 9 . 0.11 0.038 - 0.oD5 9.17 8.22
Y*C 5 37 0.1299 225 226 6 - 0.00 0.027 - 0.S00 .9.01 16.13
3550 5 13 0.1299225 223 10 - 0.00 0.045 D- O0 26.15 23.11
AX,: 5 -11 0.1302 b55 "8 15 - 0.00 0.033 0- .000 9..2 8.16

356 5 53 0.1302 3055 1.7 15 - 0.00 0.031. - o.o 13.08 U1.r?
3%.C 5 36 0.130 6706 672 28 - 0.30 0.042 0.0-u 5.91 5.29
MC 5 50 O.1 670 673 15 - 0. o.6022 - 0.005 8.2D 7.31

3WC 1 39 0.4307 89O 818 ( - 0.36 o.o71 - 0.013 4.91 I.;o
361C 5 .-1307 69o 873 .0 .- 0.06 0.046 - 0.00 6.58 5.89

6.00-16. So~ld

3930 5 22 0.010 0.0036 225 214 29 - o.87 o.136 -- 0.031 2.00 1.78
m950 3 53 0.010 3.0036 225 229 11. - 0.50 0.061 - 0.018 h.-;2 4.0l

391 5 10 0.08. 0o0093 155 wild % - 0.8% 0.1r7 .-- .O30 2.79 2.1,8
3~ 5 22 j -0.09155 1.9 0 - 1.58 0.238 - 0.057 1.58 1.4.0

30C 5 5. V C.0093 155 1.56 51 - 0.7 1.0a .- 0.027 3.58 3.8

9.0&.14. 2-Fl

297c 5 17 0.15 0.0674 225 227 9 - 0.10 0.0o.0 . 0.0Oo4 6.75 5.89
3 2 O.067•1 225 231 1. - 0.OD 0.017 - 0.000 12.48 10.89

308C 54 0.o671 225 238 3 -- 0.00 0.013 - 0.o00 ?0.4.4. 17.64"2 17 0.0678 4155 .31 70 - 1.10 0,161 - 0.039 1.5b 3.10
3w3 51 0.0678 1.5 VA 12 - 0.00 0.027 0- 0.000 10.43 9.10
305 32 0.o678 455 1.59 15 - 0.01 0.033 -. 3.001 6.33 5.52
301C 16 0.0676 630 621 191 -- 1.53 0.308 .- 0.009 2.35 2.05
3060 30 0.0676 635 653 72 1.05 0.110 - 0.037 4.20 3.67
313C 57 0.0676 6.70 652 41 .- 0.43 0.063 - a 0.015 7.99 6.98
30"0 .1 0.0681 8O9 866 118 - 1.29 0.136 .. 0.015 3.30 2.88
1.10 52 o.0680. 890 682 78 .- 0.7 0.08oo 0.0o.o 5." 4.75

299C 16 0.25 0.1121 455 111. 51 - 0.,'7, 0.128 -. 0.027 4.32 3.7T
um 3 0.3121 F#55 1.36 11 .* 0.00 20.05 - 0.000 9.07 7.91
3M2C 57 0.3121 155 441 15 *- 0.00 0.031 - 0.010 15.01. 13.123=0 3 16 0..123 89W 817 310 *- 3.10 0.379 - 0.10 o9 2.V 2.00
311 35 0.123 890 867 0 .d 0.1.9 0.0)2 - 0.017 4.73 4.13
419c 51 O.323 890 886 1 .- 0.00 0.07 o o.oo 6.75 5.89

311k 36 0.35 0.1562 225 21.3 6 - 0.00 0.025.- 0.000 20.01 17.50
.110 55 0.162 225 225 14 0.0 0.062 .. 0.0 33.07 28.88
.17C I 25 0.1562 225 233 11 -- 0.01 0.017 .. 0.000 14.52 12.68

39 1 1.0 0.15W 45s5 151 19 -- 0.00 0.012 -- 0.000 12.18 10.63
hO 5 23 0.1568 1.55 149 19 -- 0.00 O.01. -- 0.000 7.01 #'. .11
4M10 5 51 0.1568 -1.55 2 10 - 0.0 0.023 -- O.OO 15.P5 13.-R3
10 5 22 0.1567 670 61.6 53 -- 0.10 0.082 .. 0.004 4.t9 4.09
1.1C 1 52 0.1567 6"a 658 11 *- 0.00 0.021 .. 0.000 10.86 9.149

1.12C 5 39 0.1567 670 658 20 .M 0.00 0.03, -- 0.100 .16 7.12
4,130 5 3Y) 0.1576 890 883 36 -. 0.00 0.011 .. 0.000 "..10 5.32
1615C 5 5 u 0.15Th ow0 961 28 . 0.20 0.032.- 0.007 8.95 7.81
416C 5 23 0.1576 890 W o 112 m . 0.55 0.127 -- 0.019 3.61 3.15

1.75-26

4m 5 10 0.15 0.0149 100 108 , .F 0 16 0.35( -- 0.01', *.95 .71
130C 5 10 0.15 0.019 225 213 9 - 0 0.90, 0.1, ) - 0.04 3.63 3.52

11.0020., 12-PR

1 it 57 0.173 0.0756 .500tt 100 .. . .. .. 0.233 *- 2.5 2.2
IA 1. 0.17! . 4500 45C .. .. 0.257 -. 1.9 1.7
2 11 0.2k6 U.1075 500 4500 .. . .. .. 0.25 2. 2.3 P.0
?A '43 0.21,' 0.1075 4500 4500 .. .. 0.223 -. 2.2 1.9
3 50 0.554 0.2422 41,0 '0500 . .. .. 0.132 -. .1) 3.14
3 A1. 0,554 0.2422 4500 1 --00 .. .. 0.132 - .1.4 3.0
1. 45 0.4.4 0.1941 4500 h( .. .. .. .. 0.1o0 -. 3.1 1.7

ho 472 0.14 0.19411.500 410 .. .. ..4.. 0.20i . 2.-3 2.5
5 15 0.125 0.0546 300 ...4.. .. 0.231 1 - 2.5 2.2
5A 18 0.125 0.0546 3000 30'0 Y . .. .. .. 0.216 -. 2.7 2.1.
6 12 0.191 0.0848 30 303 . .. .. .. 0.217 P. 2.9 P.5
7 41 0.30k 0.1329 3(,. 3000 .. .. .. .. 0.132 - 3.5 1.1
8 13 0.235 0.1027 3000 300 ..-. .. . 0.161 -. 3.2 2.8

1A .5 0.235 0.1027 3000 30o0 .. .. .. .. 0.136 -- 1.1 3.0
9 41 0.055 0.0140 1570 1500 .. .. .. .. 1.120 -. .2 2.8

10 41 O.('7 0.01.21. 15'o 1500 .. .. .. .. 0.107 -- 4.. 1.R
11 1.3 0.131 0.0573 15(0 1510 . .. .. .. 4.,,5 -- ,9.

f Only first pias data are available for the 11.00-20, 12-11 tire.
tt The 11.00620, 12.-M tire •as looted by de*4weigtt, to that test load very nearly "qmaled deign ined.

F~ (• •r 3 shleets)



ftus 7 (cOaeiu, )

Aw.. z bela ,-.-, 7bP a•oadFaetum Dflcts b WA ?w i•e m eem

No.ml0 Cage zot ý in. 1-

3.6%6.50-8. 2-Mt

601 ` 5 S 0.1 0.0633 225 212 29 3 0.67 o.137 0.160 0.0%2 3.o0 2.03
605C 5 3.2 0.0633 225 222 9 10 0.06 0.041 0.014 0.004 7."' 6.3&1
608C 5 o0 0.0633 295 29 10 12 o.0o o.0 6 0.055 0.m 7.30 6.09
6w.9 3 1i 0.0633 225 212 32 38 0.88 0.151 0.179 0.05f, 3.VO 2.83
602 3 19 0.0651 3W5 329 65 65 1.23 0.198 0.198 0.0o* 2.35 1.96

6We8 3 17 0.25 0.1036 225 208 19 28 0.39 0.081l 0.135 0.cr' 3..16 J.4.6
650c 5 36 0o.16 a5 235 20 12 0.02 0.043 0.051 o.-.M,. 7.19 6.4B
651C 2 36 0.3068 3.55 362 " 46 0.53 0.095 0.100 0.' 16.02 3.36

60• 5 39 0.35 0.13.31 225 220 6 8 0.00 0.027 o.036 C Oa. 10.52 8.73
601M 39 0.1-431 225 218 8 9 0.00 o.-' o.o01 p'.o00 1o.62 8.81
65M 37 0.1431 225 225 13 35 0.00 o.G58 0.067 O.-.O 9.76 8.10

06la0.13.76 3.55 3.57 20 21 0.1D 0.03550.0627 0 A3 5.7 3.53£o~ .3.1 0.1376 3.5.5 3.57 5 28 0.2o 0.055 o.o61 0 .1 .5.3.3. 3..53609 O.17 45.5• W 2o 21 0.16 o.ot 5 0.047 t'^W 0 .- 71 1.7/6

i6x.1i.50..6, 2-l!

6173 5 25 0.15 0.5 225 211 9 10 0.00 0.0.3 0.06Y -..000 8.81 6.67
639c 5 16 0.0915 M25 206 23 29 0.56 0.17 0.131 0.,T-" 5.78 3y.37
60 C8 5 3 0.0915 225 220 9 10 0.w 0.03.1 0.0.5 0.OO5 12.85 9.72
6%5c 5 34 0.0915 225 230 7 10 0.00 0.029 0."A32 0.000 0.53 7.97
6w90 2 17 0.0928 455 3.6 100 M 1.!A 0.223. 0.235 0.085 2.91 2.22
660, 3. h 21 0.0918 1.55 44o0 61 63 1.31 0.139 o.1"3 0.o074 3.65 2.-,B
66M 5 27 0.0928 455 4.55 32 3 0.6 o.o0 o0.097 0.036 1..54 3.3.5
632C 4 23 0.0942 600 575 76 g0 0.85 0.132 0.157 O.U3.7 3.12 2.38

6W 4 33 0.25 0.15 225 233 10 13. 0.00 0.031 0.058 0.o0o 13.23 9.97
W67C 20 0.25 0.1505 225 226 8 12 0.23. 0.035 0.053 0.01,. 0.37 6.31

643. 3 19 0.35 0.2101 225 216 20 21 0.00 0.092 0.096 0.000 9.65 7.26
6100 5 3b 0.21Ui3 455 .W 22 25 o0.03. .038 .5h. ox0 13..16 8.3.1
6uc 5 22 0.2U13 355 3.53 25 27 o.o0 0.055 0.060 0.000 5.3. 4.10
6.20 I iB O.213 3.55 3.1 40 3. 0.20 0.090 0.099 o.C2 4.54 3..2
661c Is 23. 0.2'13. 355 4.,5 26 3o 0.00 0.057 0.066 o.ooo 5.91 3..6

i6i15.00.6. 241R

622C 5 32 0. O0.0386 22, 222 9 9 0.12 0.:03 0.03.1 o.00 10o.96 7.66
630C 5 32 0.03086 225 219 9 u 0.16 0. 03.1 0.050 O.O9 1.21 7.77
631c 3 lb O 0.,3.66 P25 205 20 19 0.99 0.098 0.093 0.056 5.93 4.15
653c 4. 21 0.03.86 225 207 12 13 0.13. 0.058 0.068 C,008 7.71 5.39
6wc 3 21 of o.o86 225 210 12 1. 0.30 0.057 o.o67 0.017 7.60 5.32

618C 3 -7 0.15 0.89 225 219 5 5 0.00 0.023 0.023 0.000 12.61 8.78
3-29C 2 31 0.0879 225 220 12 12 0.12 0.055 0.055 0.007 13.22 10.03
o32C 5 17 0.0879 225 218 14 15 0.16 0.063 0.069 0.009 7.98 5.55
63Yc 5 32 o.o096 3.55 476 26 29 0.31 0.55 o .06 0.018 6.99 4,89
6.sC 2 17 0.0906 455 3.57 78 86 0.99 0.171 0.188 0.056 3.87 2.70
636C 3 16 0.090b 3,55 3.11 78 82 0.86 0.177 o.1B. o.o39 3.77 2.63

621c 5 29 0.25 0.1439 225 215 5 6 0.00 0.023 0.028 0.000 17.37 11.99
623C 5 2 0o.1473 4s 3.61 13 16 0.03. 0.030 0.035 0.002 7.73. 5.38
6m. 3 8 o.014A 455 347 13 13. 0.08 0.029 U.031 o.005 8.27 5.76
627C 5 30 0.1347 355 3.59 1? 15 0.00 0.026 0.033 0.000 8.63 6.01
6281 3 18 A 13•73 455 446 36 38 0.23 0.081 0.085 0.014. 5.33 3.71
633C 5 31 0.13.7. 355 381 20 21 0.08 0. 0. 3 O .O3. 0.0O5 8.51 5.92
<35C 3 16 1 0.1373 3.55 3.67 66 68 0,5 0.141 0.13.6 0.031 3..53 3.15

620C 2 2k 0.35 0.2027 225 221 12 12 0.00 0.054 0.053 0.000 17.75 12.22
637C 4 16 0:2056 .55 3.52 36 3 o0.16 o.o0 0.o083 0.009 5.38 3.80
653. 21056 455 356 23 2•3 0.06 0.050 0.053 0.003 7.12 4.94

26xl6.00-10 4.-1

705 3 8 0.15 0.079. 315 30m 30 39 0.93 0.099 0.129 0.038 4.00 3.00
701c 5 33 J.15 0.0751 890 667 4,8 ý 0.55 0.055 0.062 0.022 6.01 4.52

313a5.50-13, 3.413

608c 5 28 0 0O 0.3416 225 225 6 8 0.16 0.02"7 0.036 0.0O5 15.73 12.57"*7't 3. 22 [ 0.03.1c 225 206 4 8 0.27 0.019 0.039 0.009 133.1 10.73.
673C '+ 32 1 0.0316 i-25 230 5 8 0.115 0.022 0.035 0.005 17-59 13.05

bw 5 29 0.1ý, 0.0769 4.55 3.69 19 20 0.00 0.031 0.033 0.000 10.65 8.50
6w 5 20 0.0769 3.55 435 25 30 0.2o 0.056 0.067 0.007 7.73 6.18
671r 5 '2 j 0.0`769 3.55 .3.1 10 16 0.16 0.023 0.036 0.0O5 8.60 6.86
0.72C 5 13 0.0769 1 .55 .62 16 20 0.08 0.035 0.043 0.003 12.31 9.82

667C 5 28 0 2S, 1286 9go 871 48 '1 0.38 0.055 0.061 0.013 7.15 5.71
674C ) 24. 1288 68,0 872 23 31 0.1t, 0.026 0.036 0.005 6.12 4.89
663C 22 0. .123l 1200 1156 138 150 0.53 0.119 0.130 0.018 3..21 3.41

(3 of 3 sheets)
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Table U

toyTests with 4Al VehicLes In Tae0and. Standud lbwr.Ibwaee-Drve Vehicles.
20 1froent Slip. First Pea.

Penetration INSelwuesltano!D •g eesign4 Ea ,llUh a5ei'

Re. sb Total l CoeffiPcit Two

ja5AL..Tan; 7.00.A6, &.PR Tires (b - 7.5 in., d - 27.7 in.)

2w33 5.3 5.3 4.6 0.15 60 s -65 -o.08 2.3
O31'A 8.3 9.0 7.8 115 0.032 3.9

235A 12.6 13.3 11.5 2o40 0.067 5.
236A 16.0 17.0 14.6 385 0.1m8 7.4
237A 19.4 20.3 17.5 585 o.164 8.8
238A 16.O 16.7 14.41 420 O.u8 7.3

239A 5.7 6.0 5.2 0.25 55 0.015 4.4
2-.0A 8.6 9.0 7.8 215 m.o69 6.5
241A 13.1 13.7 11.8 585 0.1m 9.9
212A 15.14 16.3 1h.1 710 0.199 11.9
21.3A 16.O 16.7 14.1 795 0.223 12.2
244A 19.1 20.0 17.3 980 O.275 14.6
215A 18.5 20.0 17.3 770 o.216 14.6

246A 6.0 6.5 5.6 0.35 1470 0.132 6.6
2T7A 9.1 9.5 8.2 680 0.191 9.6
248A 13.4 13.7 .1.8 810 o.236
249A 18.6 20.0 17.3 970 0.272 •0.1.
250A 19.6 19.8 17.1 1125 0.316 20.2
251A 20.0 20.7 17.9 1165 0.327 21.1
,25j2A 15. 16.7 14 .915 0.257 16.9

255A 17.1 16.7 14 . 4 1065 0.299 17.0
2%6A 20.6 20.3 17.5 1230 0.346 2o.6
257A 24.3 23.7 20.5 13

M15. 1/ A-TMn 26xL6.O-10.- -PR Tires (b - ]6.1 In.. d - 24,3 In.)

280A 8.2 10.3 8.9 0.15 35 0 .5 0.12S 11.6
281A 8.7 10.3 8.9 I 700 0.197 11.6
28hA 11.1 13.3 11.5 1010 0.281 15.0
281.A 13.1 !2.7 11.8 860 0.21.2 15.1.
285A 27.3 28.3 24.5 1160 o.326 31.9
286A 21.5 21.3 18.1 1000 0.281 24.0
M88A 1.7 3.0 2.6 -.7 -0.021 3.1

287A 28.8 22.2 19.2 0.25 1290 0.362 11.7
289A 32.1 23.2 20.1 1 125 u.353 13.7
291A 22.9 17.7 15.3 1360 0.382 33.3
292A :8.6 15.8 13.7 1190 0.334 29.8
293A 11.5 10.7 9.3 1080 0.303 20.2
291.A 1.7 3.3 2.9 120 O.O34 6.3

295A i.8 3.3 2.9 0.35 o60 0.180 8
296A 9.5 8.7 7.5 I 1250 0.351 22.8
297A 14.4 13.3 11.5 1520 o.427 5.0
298A 20.3 17.1, 15.1 1195 0.120 6.0
299A 21. 23.0 19.9 1570 0.1.1 60.6
30DA 37.1 23.8 20.6 1550 0.435 62.7

;G7. 3/1-Ton; 9.00-16, 8-m i - 10.2 in.. d - 32.8 In.)

259A 24.5 23.3 20.1 0 15 7210 18 0 970 0.131 10.2
260.A 17.0 16.7 14..4 705 0.097 7.3
261A 27.3 Z,.0 22.5 1120 0.155 11.1
262A 21.3 20.0 17.3 865 O.119 8.8
263A 15.6 14.3 12.4 715 0.099 6.3
264A 7.4 9.0 7.8 5 0.001 4.0
265A 4.1 5.7 4 .9 -265 -0.037 2.5
266A 17.1 17.0 14.7 890 0.123 7.5

267A 25.5 26.7 23.1 0 25 2005 0.277 19.5
268A 25.1 24.0 20.7 18.0 0.254 17.5
269A 4.3 5.7 h.9 205 0.028 4.1
27A 10.3 12.3 1o.6 890 0.123 9.o
271A 20.5 21.0 18.2 1680 0.232 15.1
272A 17.6 17.7 15.3 1500 0.207 13.0

2733A 6.5 8.3 7.2 0 35 1175 o.162 &.5
274.A 9.8 12.0 1o.4 j 1515 0.209 12.3
275A 16.4 16.o 13.8 j 2130 0.294 16.3
277A 24.8 28.7 24.8 2330 0.322 29.3
278A 28.2 28.7 24.8 2540 0.351 29.1
279A 2A.3 PO.3 17.5 2245 0.310 20.7

"GO0,G' ,, and C are each defoned in Appendix A. Measurement G is the only term used to describe penetration
reAistance gradient in relatl•as described in the body of this report.,

Sload per whee1.ýI;' ,, , _ce-



Table 12

Field Tests with Vehicles in Course-Grained Soils.
Mqxjxzm Drawbar Pull, First Pass -

Deflection Basic
Penetration Resistance Coef- Prediction Term
Oradient," psi/in.! Wheel Load. Inflation ficient G(bd) 3 .2

Test NoJ* G G W lb Pressure, psi " P/Wt W h

38, 4x4 (Jeep); Padre Island. Tex.

2 125.7 108.7 672 30 0.m86 0.243 42.7
5 121.7 105.2 20 0.113 0.320 53.2
8 123.3 106.6 15 0.134 0.355 63.1

11 104.7 90.5 10 0.173 o.416 70.0

15 119.0 102.9 74o 30 0.100 0.219 41.7
18 l27.3 110.1 20 0.120 0.295 53.4,
21 117.3 1O0.4 15 0.156 0.361 64.c.
24 111.7 96.6 10 0.200 0.,45 78.5

29 96.7 83.6 800. 30 0.100 0.223 31.5
33 95.0 82.1 | 20 0.130 0.242 4o.o
37 110.0 95.1 15 O.16o 0.348 57.1
42 113.7 98.3 10 0.210 0.387 77.6

M7, 4Ax Truck, 3/4-Ton; Padre Island, Tex.

44 122.3 105.7 1422 30 o.114 0.181 46.8
47 115.7 100.0 20 0.11414 0.255 56.2
50 103.3 89.3 15 o.168 0.297 58.3
53 95.7 82.7 10 0.198 0.369 64.6

58 i04.0 89.9 1602 30 0.120 0.172 37.3
62 112.3 97.1 I 20 0.156 0.227 52.2
66 110.0 95.1. 15 0.192 0.283 63.1
70 113.3 97.9 10 0.2410 0.3C8 93.1

73 90.7 78.1. 1797 30 0.132 0.17•4 32.0
74 120.0 103.7 0.199 P2.2
75 120.0 103.7 0.187 42.2
79 28.7 24.8 0.125 10.2
80 32.0 27.7 0.113 11.3
82 112.3 97.1 20 0.180 0.253 53.7
86 20.7 17.9 ± 0.143 10.0
87 4o.7 35.2 0.179 19.6

,89 100.0 86.4 15 0.216 0.291 57.5
93 23.0 19.9 0 0.171 13.2
94 36.7 31.71 1 0.24o 21.2
97 110.0 95.1 10 0.276 0.361 80.8
01 32.7 28.3 0 0.269 24.3

102 33.7 29.1 1 1 0.285 25.0

(Continued)

"* "Test No." is "Item No." in reference 16.
** G' and G are each defined in Appendix A. Measurement G is the .only term used to de-

scribe penetration resistance gradient in relations described in the body of this report.
P/W = total pull or gull per wheel •

total load load per wheel . s indicates that pull (P') was measured when the

vehicle was operating upslope or downslope, where the slope angle (e) varied between 2.90 and
8.50. ss indicates that pull (P") was measured when the vehicle was operating on a side
slope, where the slope angle varied between 3.40 and 6.3 0 . The absence of r or ss indi-
cates that the pull (P') was measured when the vehicle was oplrating upslope or downslope
where the rtope angle varied between -20 and 1.70. Values of P for all tests were obtained
by correcting pull measured on a slope to pull (P) on a .'.evel surface by the equation

(P ' +wsin ) fcr upslopes or downslopes, and by the equation P C(p) + w sincos e cos e

for side slopes. (These equations are developed and explained in reference 16.)
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Table 12 (Continued)

De±'lertion Basic
Penetration Resistance Coef- Preit,! Tens

F rinpii. Wheel Load Infl~ation ficient ( )3 2

Test No* G W ,lb Pressure, psi --6 p-Yjw h

M37j 4x4, Truck. 3/14-Ton; Cape Cod. Mass.

103 42.736.9 1122300,14 0.161 114.9

104 142.7 36.9 30 0.1114 0.157 114.9
105 314.7 30.0 20 0.1414 0.111"1 15.3
106 145.3 39.2 1. 0.212 19.6
107 146.3 140.0 V 0.200 20.0
108 146.0 39.8 15 0.168 0.250 23.14 I
109 143.7 37.8 j0.239 22.14 t
IN 143.7 37.8 V 0.250 22.14
ill 140.0 314.6 10 0.198 0.306 214.0 0

112 141.7 36.0 1 0.288 25.2
113 314.3 29.7 VV 0.299 2o.14

44C
M 11355 6x6 Truck, 2-1/2-Ton; Padre Island, Tex.

1147 108.3 93.6 290 30 o.126 o.2814 4o.14
1148 35.0 30.3 30 0.126 0.133 13.2-A
150 117.3 101.14 20 0.195 0,342 67.8

153 117.3 101.14 15 0.220 0.372 76.14
156 105.7 91.14 10 0.270 0.1419 85.1

M135. 6x6 Truck. 2--1/2-Ton; Vicksburg Miss., Miss. River Sandbar

159 148.0 141.5 3125 6o 0.090 0.072 12.1
16o 38.0 32.9 6o 0.090 0.061 9.6
163 147.6 141.2 30 0.160 0.180 21.6
1614 53.3 146.1 0.200 23.8
165 52.0 145.0 0.192 23.14
166 43.0 37.2 o.i147 19.3
167 146.3 140.0 20 0.210 0.220 27.1
168 50.7 143.8 I 0.228 30.1

169 141.7 36.0 0.207 214.7

171 145.0 38.9 15 0;25 0.255 33.5
172 51.7 144.7 0.275 38.6
173 143.3 37.14 o .261 32.0
1714 44.7 38.6 I 0.252 33.14
175 146.7 40.14 o.269 314.9
176 1414.73. 10 030 0.317 46
177 4'.0o 38.0 10 0.360 0.318 140.7

M34, 6x6 Truck, 2-1/2-Ton; Suscinio, France

178 26.0 22.5 1962 20 0.132 C.159ss 15.1
179 30.7 26.5 20 0.132 0.154ss 18.0
180 17.0 114.7 15 0.147 0.157ss 11.1
181 23.3 20.1 1j 0-l51ss 14.8

12 30.7 L>6-5 V .1144ss 20.1
183 31.3 27.1 10 0.176 0.22Css 214.2
1814 21.3 18.4 j0.219ss 16.3
185 18.3 15.8 V 0.197ss 114.0

(Continaed)
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T&ible 12 (Continuied)

Defelecion Maile
Penetration Rtesistance Coef- Predic~o Term
Gradient, psi/in. Wheel Load Inflation ficient G(bd)'

2=.
Test No. G' W , lb Pressure, p~si h PA~L -V b

1(1.6x6 Truck, 2-1/2-Ton; La Turballe. France

A86 2P.0 19.0 2796 10 0.250 0.2558 16.9
187 141.7 36.0 2796 10 0.250 0.283s 32.14

DUKW 353, 6x6 Truck. ~-IL2-Ton; la Tixrballe. France

188 314.3 29.7 21445 15 0.203 0.2149s 23.2
189 147.0 14o.6 115 0.203 0.293a -.32.0
190 28.7 214.8 V10 0.252 0.316s 214.5

203 26.7 23.1 3278 20 0.225 0.212s 15.2
2014 47.7 141.2 I20 0.225 0.1958 27.0
209 31.7 27.14 j15 0,277 0.289s 22.2

210 32.0 27.7 o .261s 22.2

211 28.7 214.8 o .262s 20.0
212 26.o. 22.5 I10 0.3148 0.3058 18.o
213 39.0 33.7 1 0-328s 27.0
2114 28.7 214.8 V 0-322s 20.0

DU10W 353, 6x6 Truck, 2-JL2-Ton; Suscinio, France

191 147.7 141.2 327 30 0.17 0.21589 20.6
192 414.3 38.3 I 0.159ss -18.8

13 35.0 30.3 0lOs1.
1914 35.3 30.5 0.19148S 15.0
195 1414.3 38.3 I 0.1914as 18.8
196 146.7 40.14 V0.202as 20.1
197 35.7 30.9 20.25 0.26383 20.3
198 22.3 19.3 0.19350 mP.4
199 31.7 27.14 0.2-2685 %3.1
200 22.3 19.3 Ij 0.238as A2A1
201 30.7 26.5 I0.188ss 17.9
20r,2 314.7 80.0 L .98 9.7
205 22.7 19.6 15 C0.277 O.±93as 13.6
206 20.-3 17.5 j C.2006s 13.8
207 22.7 19.6 0.23cas 15.9
208 2.199VO.1314ss 15.9

DUYW 353, 6x6 Truck, 2-1/2-Ton; Cape Cod, Mass.

221 61.7 53.3 25148 20 0.17,6 0.21414 314.8
222 53.0 145.8 0.227 30.0
223 57.3 149.5 o .262 32.2
2214 16.7 114.14 jI 0.079 9.6
225 16.3 114.1 jI 0.093 9.5
226 20.0 17.3 1V 0.090 11.6
227 57.3 149.5 1L026 0.317 38.9
228 6o.7 52.5 0.277 142.2
229 147.3 140.9 0.293 32.9

-- 230 15.3 13.2 I 0.118 10.14
231 114.3 12.14 1I 0.105 9.8
232 13.3 11.5 V0.108 9.2
233 514.o 146.7 10 0.252 0,370 145.7
2314 53.3 146.1 0.337 145.1
235 143.0 37.2 0.3140 36.3
236 13.3 11.5 I 0.21-1, 11.6
237 13.0 11.2 II 0.213 11.2
238 114.7 12.7 90.191 12.7

797
(Continued),
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Table 12 (Continued)

Deflection Basic
Penetration Resistance Coef- Prediction Term tN

Gradient, psi/in. Wheel Load Inflation ficient G(M) ,,2
Test No. G' G W , lb Pressure, pst j/ P/ W b

M411 6x6 Truck, 5-Ton; Padre Island, Tex.

240 32.3 27.9 385 30 0.172 o.169 24.6
2141 25.3 21.9 o~365 19.3
243 U•3.3 97.9 V 0.327 86.4
248 101.7 37.9 20 0.183 0.397 8!.4
251 33.0 28.5 15 0.25,8 0.283 38.1
253 120.0 103.7 15 0.258 0.441 139.1
258 120.0 103.7 10 o..? 6 0.479 170.2

Bucket Loader. 4xA Tractor; Vicksburg, Miss., Miss. River Sandbar

285 40.7 35.2 2266 30 0.104 0.201 22.3
286 42.7 36.9 0.203 23.4
287 42.0 36.3 0.202 23.0
288 37.3 32.2 0.192 20.5
289 41.7 36.0 -0 2.141 0.252 31.1
290 4O.0 34.6 20 0.141 0.238 29.7
291 41.3 35.7 15 0.173 0.300 37.0
292 40.3 34.8 0.303 36.2
293 39.0 33.7 0.289 35.1
2914 36.3 31.4 10 0.233 0.3140 44.1
295 41.0 35.14 10 0.233 0.355 50.3 11,

Tournadozer, 4x4 Tractor; Vicksburg. Miss.. MWss. River Sandbar

296 34.3 29.7 7768 30 0.178 0.216 36.6 ,
297 43.3 37.14 I 0 0.213 46.1
298 38.3 33.1 0.215 141.1
299 49.0 142.14 .35 52.5
300 47.0 4o.6 0.216 50.1
30] 45.3 39.2 20 0.208 0.283 57.1
302 146. 39.8 0.272 57.7
303 45.3 39.2 0.302 57.1

304 45.3 39.2 0.281 57.1
305 40.7 35.2 0.287 50.5 A
306 45.3 39.2 0.281 57.1
307 46.0 39.8 0.272 57.7
308 41.7 36.0 15 0.250 0.325 63.7
309 41.3 35.7 0.327 63.1
310 46.3 4o.o 0.339 70.4
311 45.0 38.9 0.327 68.6
312 43.3 37.4 0.316 65.6
313 41.3 35.7 0.338 63.1
314 144.7 38.6 0.332 714.3
315 414.3 38.3 0.338 73.5
316 38.7 33.5 10 0.272 0.397 64.5
317 45.7 39.5 o 0.402 75.6
318 38.7 33.5 0.389 64.5
319 46.0 39.8 o.412 76.6
320 44.3 38.3 0.399 75.6

GOER, "x4 Cargo Carrier. 5-Ton (18-26); Vlckzbuvr, Miss- Miss. River S'-hlr

321 47.7 41.2 6668 30 0.1( 0.278 42.2
322 37.7 32.6 0.2514 33.6
323 39.7 314.3 0.241 35.1
324 44.o 38.0 0.274 39.0
325 46.7 4o.4 0.261 41.4
326 47.7 41.2 0.267 42.2
327 42.0 36.3 0.268 37.5
328 50.3 43.5 20 0.215 0.335 56.4

[ (Conti~nu-J)
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"Table 12 (Conclutd)

PeDeflection I'Basic

Penetration Resstaice I *Coef- Prediction Term
"Wheel Load Inltion - ficient G(bd)N2A'"

Teat~~~~ No .AG Wlb Pregsure, psi */ ~

GmR 4x41 carg c rir, 5-Ton (18-26);.YiC!S!LUr, Mfiss., Hiss. River Sadi (Continued)
I ~IV

329 50.3 43.5 66 O 0.215 0.345 56.1
330 45.3 39.21 I 0.305 1.1
331 42.0 36 3 0.320
332 43.6 ., 0.327 50.1
333 .5.0 38.9 0.325
331. 52.3 45.2 15 0.2•,t 0.380 '66.7
335 148.7 42.1 o.388 62.2
336 ; 45.3 39.2 Moo.370 57.93
337 47.3 40.9 ' 376 6o.3
338 49.0 42.4 I 62.2
339 18.0 41.5 D 0.366 1l.0
340 h2.'' 36.3 10 0.29. 0.431 64.1
342 47.0 4o.6 0.447.1. 71.9

343 49.7 !,3.o o.1.a8s 75.6
GOER, 4x• Car;o Carrier, 5-Ton (15-S4); Vicksburg, Mits., Miss. River Sandbarl

341 45.6 3809 6668 30 0.27 0.240 52.0
345 •44.0 38.0 0.250 51.0
346 .44.7 38.6 0.24ls 51.5
347 18.0 •1. 41.4 0.218 55.0
348 47.3 40.9 0 5
319 48.o 42-2.5 0.259 55.2
350. 43.3 37.40 0.12 0.313 54.7
351 45.3 39.2 0.309 57.0
352 4.3.3 37.4. j :d3U r4..7
353 41 0 35 .1 4 0.308 151.9 :, ',
351.4 ..3. , 37.1 4 0.306 54.7
355 3.3 37.4 1 0.300 54.7
356 4.3.0 37.2 0.303 54.2
357 48.3 41.8 15 02 0.35 75.4
1358 ý47,6 4t.2 ,.I 0.356 741..7 ~
359 441.7 U38.6, 0.354. 70.1
360 4.9.3 4.2.6 0.359 77.6 ' •. '
36f 47.0 14).6 I,0.350 73.9
362 47.0 40.6 I 0.3Z2 73.9,
363 4J.3 39.2 0.3 9 71.0

436. 4.3 0.348 72.3 1
365 50.3 143.5 10 0.428 0.427 1..5
366 18.3 41.1 '',. 0.425 10.9 M 9
367 '146.3 410.0 0.409 104.8

368 1..O 37.21 O.41i, 97.3
369 4.O. 3613 o.390s 9,.7

I "
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Tile 13

Fiel I Tests with Vehicles in Co.rse-Gralned $01,

Towed, First Pass

RnetratiorZ Basic
Reisttaneo Deflection Prediction
Gradienkt* Wheel Inflation Coef- )e

Test poin. Load Pressure ficient t .... *

No.* G G W ,lb psi 6/h" w

M7, 4x4 Truck, 3/4-Ton; Padre Island, Tex.

1 110.0 95.1 1797 30 0.132 0.020 38.3
2 119.7 103.5 20 0.180 0.001 57.7
3 124.o 107.2 15 o.216 0.023 71.4
4 103.0 89.0 10 0.275 0.o65 24.5
5 47.0 40.6 30 0.132 0.125 16.6
6 56.7 49.0 20 o.18o 0.076 27.3
7 58.0 50.1 15 o.216 0.043 33.3
8 54.7 47.3 3O 0.275 0.051 4o.4

M135, 6x6 Truck, 2-1/2-Ton; Padre Island, Tex.

9 27.3 23.6 2458 30 0.120 o.164 n.4
10 42.7 36.9 20 o.166 0.086 25.1
11 36.3 31.4 15 0.185 0.131 - -.9
12 26.0 22.5 10 0.250 o.o61 22.8

13 41.3 35.7 2908 30 0.130 0.142 15.4
14 10.7 9.3 | 20 0.200 o.161 6.2
15 11.0 9.5 15 0.260 0.138 8.2
16 10.3 8.9 10 0.36o o.148 12.0

U135, 6x6 Truck, 2-1/2-Ton; Vicksburg, Miss., Miss. River Sandbar

17 40.3 34 .8 3053 30 0.130 0.090 14 .9

18 42.3 36.6 3053 10 0.360 0.091 50.3

M135, Tested as 4x4; Vicksburg, Miss., Miss. River Sandbar

"(1,1.00-20, 12-FR Tires, Std NDCC Tread)

19 42.3 36.6 4402 30 0.232 0.093 19.1
11 33.3 28.8 1 20 0.29q 0.091 19.1
21 37.3 32.2 15 0.348 0.082 25.2

(Continued)

"* "Test No." is "Item No." in reference 16.
G* 0' and G are each defined in Appendix A. Measurement G is the only

term used to describe penetration resistance gradient in relations described
in the body of this report.
P/W total towed force = towed force per wheel

total vehicle weight wheel load

Towed force (PR) was measured on slopes where the slope angle (e) varied

between 1.40 and -1.20. Corresponding values of PT on a level surface

were obtained by correcting the measured P' values by the equation
P- W sin T

PT = cos e (This equation is developed and explained in

reference 16.)

L _ _ _



Table 13 (Comwbed)

ftletrat.401u Basic
Resl stane Deflection Predictiog
Grkdient Wheel Inflation Coef-

Test jpd& 'a- load Pressure ficient G bd) V

35, Tested as hx4-; Vieksburg, Miss., _SB. River Sandbar
(11.0-20. 2-FR Tires, Tread Revmxed)

22 28.3 24.5 002 30 o.226 0.073 12.5
23 34.3 97 20 0.295 m.68 19.7
24 34.0 29.14 15 0.348 0.059 23.2

DUMW V, 6x6 Truck, 2-/ 2-Ton; Cape Cod. Mass.

25 45.7 39.5 2548 30 0.125 0.13P 18.5
26 37.3 32.2 | 20 o.176 0.096 20.9
27 38.0 32.9 15 o.216 0.083 26.4
28 29.3 25.3 10 0.262 0.147 24.4

11i, 6x6 Truck, 2-1/2-Ton; Padre Island, Tex.

29 13.7 11.8 3845 30 o.1i44 0.203 7.2
30 8.3 7.2 20 0.194 0.16o 7.2
31 7.7 6.7 15 o.234 0.119 8.1
32 10.0 8.6 10 0.316 0.125 114.1

33 23.3 20.1 4695 30 0.172 o.145 14.2
34 62.0 53.6 20 0.210 o.06o 47.1
35 100.7 87.1 15 0.300 0.025 109.7
36 55.3 47.8 10 0.375 .o44 69.0

Bucket Loader, 4x4 Tractor; Vicksburg, Miss., Miss. River Sandbar

48 45.0 38.9 3399 30 o.lo4 0.059 24.5
49 39.0 33.7 20 o.14l 0.o61 21.3
50 39.0 33.7 15 0.173 o.060 26.2
51 37.0 32.0 10 0.283 0.078 45.1

Tournadozer, 4x4 Tractor; Vicksburg, Miss., Miss. River Sandbar

52 42.7 36.9 7768 30 0.178 0.085 46.1
53 43.3 37.4 20 0.208 0.069 53.9
54 44.7 38.6 15 0.250 0.072 67.9
55 42.0 36.3 10 0.272 0.055 69.0

2OER, 4x4 Cargo Carrier, 5-Ton (18-26); Vicksburg, Miss., Miss. River Sandbar

56 42.0 36.3 6668 30 0.172 O.06, 37.3
57 45.0 38.9 1 20 0.215 0.o'56 49.9
58 48.0 41.5 15 0.247 0.052 61.1

GOER, 4x4 Cargo Carrier, 5-Ton (15-34); Vicksburg, Miss., Miss. River Sandbar

60 48.0 41.5 6668 30 0.217 0.056 54.8
61 43.0 37.2 j 20 0.242 0.059 54.8
62 46.3 L4 3. V 15 0.296 0.055 71.5

qg
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APPENDIX A: M1EASUREMENTS OF SAND STRENGTH,

WHEEL PULL, AND TIRE SINKAGE

Sand Strength

1. Penetration resistance gradient G is used in this report to

characterize the strength of sEnd test beds, both in the laboratory and

in the field. This term is defined as the gradient (or slope) of the

penetration resistance (cone index) versus depth curve. For each WES

laboratory wheel test in sand, the 3oil bed was constructed such that

values of cone index increased linearlj with depth, usually to about

11 or 12 in. (fig. 2a of main text); the value of G was then computed

from cone index readings taken within this upper layer. Some evidence

has been reported to indicate that the in-sand performance of a pneu-

matic tire is influenced by soil strength to a depth equal to the width3*
of the tire; no definite conclusion could be drawn from this brief

study, however, because of the very limited range of values of the test

parameters considered (only one tire size and one wheel load, for in-

stance). Thi- more recent idea regardin• the sand depth of importance

was preceded by a 'ong history of measuring sand strength only in the

upper 6 -in. layer, bot, in the laboratory and in the field. (This state-

ment needs clarification on two points- (a) Though G was computed and

reported for many early laboratory tests only for the top 6-in. layer,

the profile usually was constructed linearly to about 11 or 12 in., as

in fig. 2a. (b) For many field tests, descriptions of the sand strength

profile (either in temas of an average value of cone index, or individ-

ual cone index readings at prescribed increments of uepth) are reported

for other than the 0-- to 6-in. layer; tne 0- to 6 -in. liyer is by far

the most common one reported, however.)

2. To allow sand strength data from a number of sources to be de-

scribed on a common basis in this report, sand penetration resistance

gradient G measured in the top 6-in. layer was chosen as the most

* Superior numbers refer to similarly numbered items in Literature

Cited at the end of the main text.
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suitable parameter. Use of measurements from this layer is nott intended

to indicate tbat the 0- to 6-in. layer is the critical cne for all sand-

pneumatic tire situations. Furthermore, it is recommended that all lab-

oratory sand test beds be constructed to provide linear strength pro-

files to the maximum depth practical, at least until the relation

between critical depth and tire size, load, and deflection is definitely

determined.

3. The next consideration after a common depth was a common means

of defining penetration resistance gradient. In a number of early tests,

the gradient was computed as

0= - to 6 -in. avg cone index (A1)
3 in.

For a linear profile, the numerator of this term is the value of cone

index at a depth of 3 in., and the value of the overall term equals the

slope of a line drawn from the origin through the cone index reading at

the 3-in. depth (fig. Al). Penetration resistance gradient defined in

so

-- IDEALIZED STRAIGHT-LINE
SOIL STRENGTH PROFILE

40

Zz
0 -0- TO 6-IN. AVG CONE INDEXu (SURFACE

CONE

f INDEA*

/""'-=SLOPE DEFINED B 0- TO 6-I/. AVG CONE INDEX

3 IN.

0 -

08 10 12

DEPrH OF CONE BASE, IN

Fig. Al. Graphic illustratio5 of G'
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this way is not the gradient of the cone index versus depth profile, and

is characterized in this report as G'

i . Values of penetration resistance gradient have also been re-

ported based on the equation

avg cone index to
depth equal to tire width

(to nearest inch) (A2)
1/2 tire width

(to nearest inch)

For a tire of approximately 6 -in. width, this equation matches equa-

tion Al; for a given single soil strength profile, however, gradient de-

fined by this equation scales the value of sand strength in inverse pro-

portion to tire width (fig. A2). For no tire size does this equation

measure the actual penetration resistance versus depth gradient; values-

obtained by its use are denoted in this report as G .

5. The actual penetration resistance versus depth gradient can be

!•80 -/-_____
60

a.
0- O I0-IN. AVG CONE INDE,

'Iii

" 40

"•FOP h 0 -IN.:0 TO /0-IN. AVG CONE INDEX
Z SN
0

S0- TO 4-IN. AVG CONE INDEX

0 ' ORb• /. 0- TO 4-11V. AVG CONE INDEX

2 IN.

0
0 2 4 6 8 10 12'

DEPTH OF CONE BASE, IN. 02

Fig. A2. Graphic illustration of G'

A3



3e

adequately described for near-linear profiles by the relation

•avg cone index over) _ (surface )

G = (depth of interest Gcoe index).
1/2 depth of interest

Equation A3 matches equation Al, except that here the value of surface

con-- index is subtracted in the numerator to shift the lower end of the

line defining G from the origin to the surface reading. Values of G

were computed for the 0- to 6 -in. layer in this report, either by direct

application of equation A3 or by use of the relations of the following

paragraph.

6. Since equations Al and A3 differed only in that surface cone

index was subtracted in the numerator of equation A3, the well-defiied

linear relation that exists between G' and G (fig. A3) was not unex-

pected. The linearity of the relation indicates that the value of sur-

face cone index increases proportionately with an increase in the aver-

age value of coae index for the specified depth. The nearly identical

slopes of the lines for the two sands (which havy considerably different

physical properties) indicate that this comparison between two tech-

niques for quantifying sand strength was reldtively unaffected by sand

type. Values of 0- to 6-in. average cone index were available both for

the field tests 'xanined herein and for those tests whose san-i strength

was characterized by G3 (GI values appear only in reference 2). These
'i b

values were divieed by 3 in. to obtain values of G' , and then multi-

plied by 0.8645 to obtain values of G . Values of G for all other

sand tests reported herein iere computed by equation A3, using individ-

ual. soil strength profile values. For each test where G' (or 0- to

6-in. average cone index) or GbI has been used in a previous report to

describe soil strcngt•i, that value is listed in the appropriate table of

this report, along with the value of G for the 0-- to 6-in. layer. All

terms that involve a measurement of sand strength in the main text of

this report use only the value of G

Wheel Pull

7. Wheel pull P is defined in reference 1 as "The component,
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acting parallel to the direction of travel, of the resultant of all soil

forces acting on the tire. It is considered to be positive when the

tire is performirg useful work, and to be negative when an external

force must be applied to maintain motion...." In constant or near-

constant slip tests, this parameter can be measured directly by a hori-

zontally aligned force-measuring unit (a load cell, for example).

8. In programmed-increasing-slip tests of the type conducted at

the WFS, wheel slip is made to increase linearly during the test by

maintain.Ing wheel rotational velocity constant and decreasing the dyna- I
mometer carriage translational velocity linearly from some maximum value

to zero (fig. A4). Within the dynamometer carriage, the test wheel is

mounted in a lower frame assembly (like that shown in fig. A5), which

consists of an inner and an outer frame. The relative longitudinal

movement between the inner and outer frames is opposed by a force cell

I______D __o• ___ __ mounted horizontally between the

two frames, so that the reading

TEST , MS- from this cell is a measure of-- O O2UU UO VU V

pull; a positive pull is indi-

WHEEL A. cated when the inner frame moves

forward relative to the outer

frame, and a negative pull for

the opposite situation. The mass

located within the inner frame
O• 100

TIME. (test wheel, axle, transmission,
a. SPEED VS TIME

etc.) also contributes to rela-
100 tive movement between the inner

_ _ and outer frames if this mass is

either accelerated or decelerated.

For the programmed- .lcreasing-

00 slip test, the carriage is unil-

Tl ,, W. formly decelerated, thereby con-
SSLIP_'S TIE tributing to the inner frame's

Fig. A4. Speed and slip diagrams being moved forward relative to
for a programmed-increasing-slip

test the outer frame and producing a
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force-of magnitude ma (mass times (negative) acceleration),, which is:

recorded by the force ce-ll as a positive pull. Thus, values of pull

that are too large will be recorded in a programmed-increasing-slip test

unless a correction is made to actount for ma

9. To obtain this.correction, the dynamometer carriage is

snatched in air prior to testing, ani measurements are taken of (a) the,

value of acceleration (an accelerometer measures, snatch-off acceleration, if

which value generally is taken several times larger than that encoun-

tered during the test), (b) the value, of uncorrected wheel pull, and

(c) the sum of (a) and (b). Each of'quantities (a), ('b), and (c) is're-

corded electrically; signals (a) and (b) are dii'ect measurements, and

signal (c) is :an electrical sum of Ca) and (b). The value of (c)

changes in phase with quantity (a), carriage acceleration. The value of

the effective mass contributing to !ma is electrically solved for by

changing potentiometer settings that control signal (c.) until the value

of signal (c) remains consLant at the same value achieved before and

after snatch-off, even under the action of peak acceleration. During

testing, each signal (a), (b), and (c) is recorded. Signal (b), pull

uncorrected'for ma , is referred to in this report as P' ; and signal

(c), pull cor-ected for ma , as P . :(Pulls from corstant or near-

constant Clip tests and from constant pull tests need no ma correction

and are also referred to as P .)

10. The absolute magnitude of the ma force appears to be rela-

tively small and fairly stable at about 0 to 8 lb foi the 20 percent

slip point in programmed-increasing-slip tests in the laboratory clay,

(fig. A6b). ma values of much largpr average value and much great-r

dispersion were obtained at the 20 percent slip point in sand (fig. A6a).

Unfortunately, the influence of ma on the pull signal in a programmed-

increasing-slip test was not recognized in the early stages of testing,

and WES reports prior to reference 6 reported values of P' ,pull un-

corrected for ma .. The ma correction is influenced by changes in th.

value of m (differences in tire size, transmission used, etc.) and in

the value of a (slight changes in carriage deceleration rate between

tests). Even if these quantities were known precisely for tests not

A8

IlE



I I

NOTE. OPEN SYMBOLS DENOTE YUMA SAND
CLOSED SYMBOLS MORTAR SAND.

40

V

3O

V&V

00 0

00

a a

A 0aV
Io

0 A

S 000

Of 1 1 n0 0 0 0 o 10

1 c L YUAADMR ARSN

02
0 OO

00 v

0 200 400 o00 800 1000 1200 1400

L. YUMA AND MORTAR SAND

Io

AAo D

0 2(,0 400 800 800 1000 1200 1400
WHEEL LOAD, LB

b. FAT CLAY4
LEGEND

I81X850-8, 2-PR

0 18XI500-6, 2-PR

0 26XI800-10, 4-PR
V 31XI5 50-13, 4-PR
A 9 00-14, 2-PR

Fig. A6. Relation of ma to wheel load for pneumatic tires in sand and
clay; 20 percent slip point; wheel speed 5 ft/sec



instrumented to measure ma , no well-defined correction could be made

based on experience from tests in which both P' and P were recorded.

Particularly for tires in sand, the ma correction varied significantly

between tests (fig. A6a) even though essentially the same values of a

and pretest-measured m were acting. Fortunately, enough tests have

been conducted in which corrected pull P was measured to develop the

relations involving wheel pull in the main text of the report. Rela-

tions that use uncorrected pull P' (i.e. P + ma) are also reported

herein, with the warning that relations based on P' predict algebra-

ically larger-than-actual pull by a relatively small amount (estimated

as 0 to 10 percent of wheel load for tires in sand, and 0 to 5 percent

for tires in clay).

Tire Sinkage

11. It was demonstrated conclusively in Appendix A, "Sinkage

Study," of reference 19 that the sinkage of a pneumatic tire can be ac-

curately computed by the equation

2H (6 HS + H) 2
(A

i{ + (6 HS + H)
2 (A )

where

z = pneumatic tire sinkage

H = vertical hub movement

6HS = deflection of a pneumatic tire loaded on a hard surface

Except for tests whose data were taken from reference 2, all sinkage

values reported herein were computed by the above equation. Sinkage

values in reference 2 were computed by the equation

z -= H + '61S - 6TS) (A5)

where

z , H , and 6 are defined above

6 in-soil deflectionis
Both 6HS and 61S are measured directly beneath the whee] axle.
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Equations AL and A5 produce almost identical results for sinkages of im-

portant size (say, 1 in. and larger). Equation AI is preferred, since

it defines z accurately in terms of only two easily measured tire pa-

rameters, H and 6HS .* quation A5 requires these two narameters plus

6IS , a parameter far more Ufficult to measure and one much more sus-

ceptible to instrumentation error.

All

A ___________ _____



APPENDIX B: TIRE SELECTION AND PREDICTION OF PERFORMANCE

1. The relations of the pull and towed force coefficients for

wheeled vehicles to the basic prediction terms for sand and for clay

(plates 23 and 28, respectively) offer the basis for a tentative perfor-

mance prediction system and for design criteria for wheeled vehicles

operating in dry-to-moist, coarse-grained soils and wet, soft, fine-

grained soils. The curves in plates 23 and 28 can be used to forecast

the mobility of existing vehicles or to select tires that will provide

the desired degree of mobility for existing or proposed vehicles. These

curves should be used with caution because (a) research effort to date

has not quantified the effects of a number of factors that influence

wheel performance significantly (principally those in paragrapl.s 52-58

of the main text), and (b) the precision of applicability of the rela-

tions in plates 23 and 28 is of the order indicated by the data scatter

in plates 21 and 25, respectively, for vehicles operating under care-

fully controlled conditions in the field.

2. Quantitative relations like those in plates 23 and 28 are nec-

essary for rational selection of tires; however, this choice must remain

something of an art, since the tire designer must consider tradeoffs

among a number of considerations (tire flexibility, durability, and sta-

bility; ground clearance; height of cargo bed; etc.) that apply to the

particular problem at hand. One important consideration that applies to

practically all off-road operations is that tire deflection should be

maintained at as large a value as practicable (paragraphs 82 and 86 of

the main text). This implies that tires should be as flexible relative

to the loads they will be required to carry as safe operating conditions

will allow.

3. The following examples illustrate a few of the many possible

practical uses of the relations in pla+ -s 23 and 28. In each example,

each tire is assumed to carry an equal share of the vehicle load. Also,

the tangeat of the maximum slope climbable is assumed to be practically

equivalent numerically to maximum pull coefficient. The basis for this

assumption is given in reference 20; field tests conducted since that
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time have generally verified this assumption.

Example 1: Comutation of Maximum Pull Coefficient and
Slope Negotiable

4. If soil type and strength, wheel load, and tire dimensions are

given, maximum drawbar pull or slope-climbing ability can be computed as

shown in the calculations that follow.

a. Given.

Soil type, dry-to-moist sand

Soil strength G = 20 psi in.

M135, 6x6 , 2-1/2-ton truck

Gro:,s vehicle weight nW = 18,000 lb

Number of wheels n = 6

Wheel load W = 3000 lb

11.00-20 single tires,

b 11.0 in., 4 42.0 in., (bd) 2  9800 in.3

6/h = 0.35

b. Find.

Maximum pull coefficient and slope negotiable.

c. Solution.

G(bd)3/2 6 20(9800) 035=22.9
W h 3000

From plate 23, find P/W between 0.21 and 0.22, or

use the equation for powered wheels in plate 23:

P -. 0 (equation 1; main text)
W 1.92a + 37.20
P 22.9 - 5.50 = 0.214
W - .'92(22.9) + 37.20

d. Conclusion.

If a safety factor of 1.0 is assumed, this vehicle, under

the conditions specified, can climb a 21.4 percent slope;

or on level ground, it can tow an object whose resistance

does not exceed 21.4 percent of the weight of the prime

mover. Also, slope and maximum drawbar pull can be con-

sidered as additive; e.g. on a 10 percent slope, the
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vehicle can pull a trailer whose rolling resistance does
not exceed Ul.4 percent of the vehicle's weight.

Example 2: Selection of Tire Sizes for Given Conditions

5. For a particular vehicle, equation 6 in the main text and

plate 28 can be manipulated to solve for tire size required when the

soil type and minimum soil strength, allowable tire deflection, design

wheel load, and required slope-climbing ability or drawbar pull are

known.

a. Give...

Soil type: soft, homogeneous, fat c>'Pj

Soil strength RCI (minimum) = 40

Slope = 20 percent

6x6 vehicle, single tandem tires

Gross vehicle weight nW = 25,200 lb

Number of wheels n = 6

Wheel load W = 4200 lb

Maximum allowable tire deflection 6/h = 0.35

Tire sizes compatible with the given conditions.

c. Solution.

(RCI)bd (56/ 1 CI 6
2= W W h + (b/2d) W h

2bd 2 (equation 6; main text)2d + b

2bd 2  W 1
2d + b 82 TRCIJ (6/h)112

= 2.59 - (i.l9P/w)
2 1 - (l.25P/w)
2bd 2 =2.59 -1.12(0.2,o) 4200 1 56i.2

2d + b 1-1.25(0.20) O 1592bd2+--- = 2. - 1.15(0.20) 4200 0.592 = 556 in. 2

d. Tire selection.

Try 11.00-20, 2-PR, nondirectional, cross-country:
2b = 11.0 in., dc 42.0 in., and Zod /(2d + b) = 409
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409 < 556 ; Sire is inadequate.

Try 14.O0-27, 12-PR, nondirectional, cross-country:

b = 14.o in., d = 48.o in., and 2bdd2/(2d + b) = 586.
586 > 556 ; tire is adequate.

Try 46x18-20, 8-PR: b = 19.5 in., d = 45.5 in., and

2bd 2/(2d + b) = 731 . 731 > 556 ; tire is adequate.

e. Conclusion.

In the foregoing example, only two tires, the 14.00-20
and the 46 x18 -20 tires, were demonstrated to be adequate;
obviously, there are many tires that fulfill the require-

ments from a mobility standpoint. The designer should

consider, too, that changes in tire diameter d affect

values of 2bd /(2d + b) more than corresponding rela-

tive changes in width b (fig. 11, main text). From a

practical point of view, however, proportionate increases

can be achieved far more readily for tire width than for
diameter, e.g. it was reasonable to consider increasing
width from 11.0 to 19.5 in. in the example above (a

77 percent increase) while changing diameter only nomi- f
nally; it would be impractical for most vehicle configa-

rations to hold width at approximately 11.0 in. and in-

crease diameter from 42 to 74 in. (a 77 percent increase).

Example 3: Computation of Maximum (Immobilization) Load
and Maximum Weight Pullable

6. If soil type and strength, wheel load, and tire dimensions are

known, the maximum load that a given vehicle can carry without immobili-

zation and the maximum trailer weight that it can pull on level ground

can be determined in caloulations like those below.

a. Given.

SSoil type: soft, wet, homogeneous, fat clay

Soil strength RCI = 30

M135, 6x6, 2-1/2-ton truck

Gross vehicle weight nW = 18,000 lb
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Nlumber of wheels n = 6

Wheel load W = 3000 lb

11.00-20 single tires:

b = U.0 in., d = 42.0 in., bd 462 in. 2

6/h = 0.35

b. Find.

Maximum allowable wheel load and wheel load to develop

maximum aulling ability.

c. Solution.

P _ 82 - 2.59 (RCI)bd (6)1/2

W 1.2502 - 1.19' 2 W

1
> i (-) (from plate 28 and equation 6 in main" I + (b/2d)

text). For P/W = , 82 = 2.59 and iL.,obilization

load

WI = RCI) - bd 12 1/ " 2.59

W = 30 -11.o 42.0) 1 4o0.35

"2.59 = 2800 ]b (per wheel)

From plate 30,

Wopt 0.211 d + (b/2d)]

WOpt [0.211 • 11.o 0 42.0 • i035 1 + (11.•/84.0)

30 = 1530 lb (per wheel)

From equation 9 in the main text,

1/2d)opt = 0.096 [bd 1 (b- 1 (RCI) = 696 lb

(per wheel) = maximum weight pullable by each wheel on

level ground.

d. Conclu3ion.

The range of values of load between zero pull and optimum

pull (in terms of its absolute value) for the conditions

specified is 2800 to 1530 lb per wheel. Values of
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pull/load (but not absolute pull) are increased by reduc-

ing wheel load below optimum load; thus, the value of

slope negotiable (stP/W) would be improved by reducing

wheel load as much as possible.

Ex,]-nple 4: Determination of Mobility of a
Vehicle-Trailer Combination

7. If the minimum soil strength, maximum slope, and required ve-

hicle and trailer data are known, the mobility of the vehicle-trailer

combination can be estimated by the relations in plate 23. The proced-

ure to be followed is illustrated below.

a. Given.

Soil type: air-dry sand

Soil strength G (minimum) 20

Slope (maximum) = 10 percent

M37, 4 x4, 3/4-ton truck

Gross vehicle weight nW = 6000 lb

Number of wheels n = 4

Wheel load W = 1500 lb

9.00-16 tires:

b = 9.2 in., d = 34.o in., (bd)3/2 5530 in.3,

6/h = 0.35

M10, 2-wheel trailer

Gross trailer weight nW = 2000 lb

Number of wheels n = 2

Wheel load W = 1000 1b

9.00-16 tires:

b = 9.2 in., d = 34.0 in., (bd)3/2 = 5530 in.
6/h = 0.35

b. Find.

Is the vehicle-trailer combinati3n mobile under the con-

ditions specified?

c. Solution.

(1) For pull of prime mover:
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G(Cd) 3 2 20(5530) 3 5
W h 1500

a = "C5.8

From plate 23, find P/W = 0.24 . Use the equatibn

for powered wheels i. plate 23:

P = a - 5.50 (equation 1; main text)
W 1.92a + 37.20

P 25.8 - 5.50
W 1.92(25.8) + 37.20 = 0.234

P (W
Maximum drawbar pull on level ground = (nW)w
- 0.234(6000 lb) = 1400 lb

(2) Maximum drawbar pull of prime mover on 10 percent

slope:

Maximum pull of M37 on 10 percent slope

G - slope)(nW) = (0.234 - 0.100)(6000 lb)

= 8oo lb

(3) Trailer rolling resistance (level surface)-:

G(bd) 3 2  6 j 20(5530) 0.35 = 38.7W h 1000

From plate 23, PT/W = 0.06 ; or from the equation for

towed wheels in plate 23:

0. 010/ +a 0.81 + 0.035
= a - 2.0

0.010(38.7) + 0.81
- 38.7 - 2.0

= O.C"3 + 0.035 = 0.068

Rolling resistance on level ground (MlOl):

PT - PT/W(nW) = 0.068(2000 lb) = 136 lb

(4) Rolling resistance on 10 percent -lope:

Roll*ng resistance on 10 percent slope

= P T/W(nW) + slope(nW)

= 136 lb + 0.10(2000 ib) = 336 lb

(5) Is maximum drawbar pull of an M37 on 10 percent slope

greater than the rolling resistance of an MI0i

trailer on a 10 percent slope under the conditions
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specified? Maximum drawbar pull of an M.3 on a

10 percent slope = 800 lb. Rolling resista.ce of

M1OI on a 10 percent slope = 336 lb. The M37's draw-

bar pull is greater.

d. Conclusion.

The vehicle's drawbar pull exceeds the trailer's rolling

resistance, so the vehicle-trailer combination will be

mobile under the conditions specified. If the calcula-

tions are carried further, it can be seen that the

vehicle-trailer combination would be immobilized on a

slope of 15 to 16 percent, i.e. let (M37 weight)(slope)

+ (MI01 weight)(slope) + rclling resistance of MI01!

= maximum drawbar pull. (6000 lb)(slope)
+ (2000 lb)(slope) + 136 lb = 1400 lb I
(8000 lb)(slope) = 1264 lb

Slope = 0.158

Example 5: Selection of Vehicle Drive Mode
Based on Performance Parameters

8. An all-wheel-drive vehicle has definite advantages over vehi-

cles with similar nonpowered elements. The relations of the pull and

towed coefficients to the basic prediction term for sand can be used to

show the advantages gained by powering all the wheels. The M37 of ex-

ample 4 is appropriate for this demonstration, since it can be used

either as a 4x4 or as a 4 x2 vehice½ (i.e. the front axle can be engaged

manually).

a. Given.

Soil type: air-dry desert sand

Soil strength G (minimum) = 20

M37, 4x4, 3/4-ton truck

Gross vehicle weight nW = 6000 lb

Number of wheels n 4

Wheel load W = 1500 lb

9.00-16 tires-'
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b = 9.2 in., d = 34.0 in., (bd)3/ 2 = 5530 in. 3,

6/h = 0.35

b. Find.

Maximum pull coefficient of and/or slope negotiable by

M37: (1) as a 4xA vehicle and (2) as a 4 x2 vehicle.

(1) 4 x4 configuration

From example 4, a = 25.8

P/W = 0.234

(2) 4 x2 configuration

P/W = (maximum drawbar pull of rear wheels minus

rolling resistance of front wheels) " gross vehicle

weight

(a) Maximum drawbar pull of rear wheels:

From example 4, P/W = 0.234

rotal weight of rear axle = 3000 lb

Maximum drawbar pull = 0.234(3000 ib) = 700 lb

(b) Bolling resistance of front wheels:

From example 4, a = 25.8

From plate 23, P /W = 0.080 ; or from the equa-

tion for towed wheels in plate 23:

PT/W = 0.o0l0 + 0.81 + 0.035T a- 2.0

PT :r =0.010(25.8) + 0.81 + 0.035T 25.8 - 2.0

P /W = 0.045 + 0.035 = 0.080
T

Total weight on front axle = 3000 lb

Total rolling resistance on front wheels

= (o.080)(3000 lb) = 240 lb

(c) P/W and/or slope negotiable = [(a) - (b)]

" gross vehicle weight = (700 lb - 240 lb)

"6000 ib = 0.077

c. Conclusion.

The 4x4 will greatly outperform the 4x2. T'he former
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could negotiate slopes as steep as 23 percent, whereas |
the l4x2 would be immobilized on slopes greater than

i7 percent.I
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